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IZVLEČEK V SLOVENSKEM JEZIKU 
 
Naravni kamen ali okrasni arhitektonski gradbeni kamen, kot ga radi imenujejo, je 
specifična mineralna surovina, ki se pridobiva s specifično tehnologijo. Velikost 
kamnolomov naravnega kamna se meri v količini proizvedenih kamnitih blokov, ki 
morajo biti čim bolj kompaktni.  Kompaktnost kamnitih blokov oz. monolitov se je v 
preteklosti kontrolirala z različnimi metodami. Največkrat so temeljile na lastnih 
izkušnjah preizkuševalca, zvočnih in vizualnih opazovanjih materiala. Z razvojem 
tehnologij se za pregled kvalitete kamnitih preizkušancev danes vse več uporablja 
ultrazvočna impulzna metoda in z analizo pridobljenih podatkov, se z metodo 
tomografije ugotavlja kompaktnost. Kamniti bloki, ki prihajajo iz nahajališča vsebujejo 
nam skrite diskontinuitete. Tehnika zajema podatkov z uporabo ultrazvočnih 
instrumentov omogoča dober vpogled v notranjost bloka. Z izdelavo posebne 
metodologije določanja kompaktnosti kamnitega bloka in izvedbi obsežnega števila 
meritev smo razvili posebno klasifikacijo kompaktnosti, ki omogoča zmanjšanje 
stroškov predelave in izboljšanje kvalitete kamnitih blokov. Metodologija kontrole 
kompaktnosti temelji na ne rušilnem prehodu longitudinalnih »ultrazvočnih« valov 
preko kamnitega bloka. Izmerjene razlike v hitrostih nakazujejo nepravilnosti v 
kamnitem bloku. S posebej razvito metodologijo meritev in analizo pridobljenih 
podatkov izdelamo tomografski profil meritev, ki nam pokaže  na morebitne lokacije 
nepravilnosti, katerim se moramo izogniti ali pri nadaljnjem predelavi posveti 
posebno pozornost. Pri in-situ kontrolnih meritvah blokov pridobimo dodatne 
podatke, ki jih primerjamo z izmerjenimi rezultati ultrazvočnih meritev. Določitev 
kritičnih lokacij oz. nepravilnosti v kamnitem bloku je velikega pomena pred nadaljnjo 
predelavo v različne kamnite izdelke ali pri rekonstrukciji starih kamnitih elementov ali 
skulptur. Ovrednotenje bloka nam omogoča hitrejše izdelavo zadanih projektnih 
nalog in iz vidika ekonomičnosti omogoča racionalnejšo izrabo materiala. Razvita 
metodologija določanja kompaktnosti je hitra in enostavna za izvedbo ter učinkovita 
pomoč pri oceni kvalitete bloka. 
 
Ključne besede: naravni kamen, ultrazvočna metoda, kamniti bloki, klasifikacija 
kompaktnosti 
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ABSTRACT 
 
Natural stone or architectural building stone, as it is also termed, is a specific raw 
material, the extraction of which requires the use of specific technology. The size of 
the quarries of natural stone is measured by the quantity of the stone blocks 
produced, which must be as compact as possible. To date, the compactness of stone 
blocks or monoliths has been controlled through various methods. Most often, the 
only method of testing the quality of blocks has been by listening to the echoes stone 
emited after being hit by another stone or by performing visual checks of the material. 
The development of ultrasonic technologies, particularly the use of the ultrasonic 
impulse method, enables us to review the quality of a stone specimen by analyzing 
the obtained data. Compactness is determined through the application of the 
tomography method. Stone blocks from the quarry contain hidden discontinuities. 
The technique of capturing data using ultrasonic instruments provides a good insight 
into the interior of the block. By developing a specific methodology for determining 
the compactness of the stone block and implementing a large number of 
measurements, we have devised a special classification of compactness, which 
enables the reduction of processing costs and improvement in the quality of stone 
blocks. The compactness control methodology is based on a non-destructive 
transition of longitudinal "ultrasonic" waves over a stone block profile. The measured 
differences in velocities indicate faults in the stone block. Having applied a specially 
developed measurement methodology and analysed the data obtained, we created a 
tomographic profile of the measured profile, which reveals possible locations of 
irregularities we must avoid or pay special attention to in further processing. In-situ 
control measurements of stone blocks provide additional data, which are compared 
against the results of ultrasonic measurements. Determining critical locations in stone 
blocks is of great importance in their further processing into various stone products, 
as well as in the reconstruction of old stone elements or sculptures. Such an 
evaluation of the block enables us to complete project tasks faster and, in terms of 
economics, facilitates a more rational use of the material. The developed 
methodology for determining compactness is quick and easy to carry out and 
provides effective assistance in assessing the quality of stone blocks. 
 
 
Key words: dimension stone, ultrasonic method, stone blocks, compactness 
classification 
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ŠIRŠI POVZETEK VSEBINE 
 
Velikost nahajališč naravnega kamna se izraža v količini proizvedenih kompaktnih 
kamnitih blokov ekonomskih dimenzij. Nahajališča naravnega kamna so nastajala v 
različnih geoloških obdobjih in pod različnimi pogoji, zato vsebujejo veliko 
diskontinuitet, ki se prenašajo iz nahajališča na manjše enote - bloke. Za kvalitetno 
oceno kompaktnosti blokov niso zadovoljive le izkušnje in vizualni pregled zunanjih 
površin, ampak je potrebno pregledati tudi notranjost bloka, ne da bi ga pri tem 
poškodovali. 
Po pregledu strokovne literature sem opazil, da se neporušne metode uporabljalo za 
kontrolo kvalitete v različnih materialih. Ena od takšnih metod je tudi ultrazvočna 
metoda. Ultrazvočne meritve se sicer že uporabljajo v kamnu, vendar le pri 
restavratorskih delih. Nobena od metod se ne ukvarjala s kategorizacijo blokov 
naravnega kamna  in določitvijo primerne debeline za razrez.   
Bloki naravnega kamna oziroma monoliti imajo obliko pravilnega paralelepipeda in 
vsebujejo skrite diskontinuitete ali različne nepravilnosti iz nahajališča. Te vplivajo na 
kompaktnost in na racionalnost izrabe materiala. Kompaktnost blokov se je v 
preteklosti določala z različnimi metodami, ki so pretežno temeljile na lastnih 
izkušnjah preizkuševalca ter zvočnih in vizualnih opazovanjih materiala. Takšne 
metode pregleda niso bile zanesljive. Kategorizacija je temeljila le na dimenziji bloka; 
glavno vodilo so bili dolžina, višina ter smer vpada plasti. Notranjost bloka je ostala 
neznanka do konca razreza. Zaradi tega je velikokrat prihajalo do napačnih odločitev 
ali ocen pri  predelavi blokov v plošče različnih deblin. To je botrovalo k zgubljenemu 
času in materialu ter poškodbam predelovalnih strojev. Po pregledu literature in 
glede na razvoj tehnologije se je ponudila zamisel o poizkusu uporabe ultrazvočnih 
meritev za pregled notrajnosti blokov, saj s takšnim pregledom ne poškodujemo 
oblike in strukture kamna.   
Ultrazvočne metode so zasnovane na prehodu in odboju ultrazvočnega valovanja, ki 
ga generira oddajnik in zazna sprejmenik, pri tem se meri čas prehoda valov. 
Ultrazvočni instrumenti generirajo časovno kratke napetostne impulze, zaradi katerih 
piezoelektrični pretvornik v ultrazvočni sondi zaniha in nato izniha. Oddajniki 
generirajo longitudinalne, transverzalne valove, katerih širjenje je odvisno od 
mehanskih lastnosti materiala. Materiali imajo različne elastične lastnosti, kar 
povzroči različne hitrosti zvoka, ki so karakteristične za določen material. Hitrost 
zvoka je torej konstanta za določen material in je odvisna od elastičnih lastnosti in 
gostote materiala. Te mehanske vibracije so osnova nastanka ultrazvočnih valov 
(frekvence > 20 kHz, izven slišnega področja zvoka). Ultrazvočni instrument ustvari 
impulz, ki potuje od oddajnika do sprejemnika na nasprotni strani. Pri poznani dolžini 
bloka nam ultrazvočni instrument izmeri čase in izračuna hitrost prehoda 
longitudinalne valov od oddajnika do sprejemnika. V primeru poškodovanosti 
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notranje strukture kamnitega bloka je longitudinalna hitrost manjša od maksimalne 
možne hitrosti v tem materialu in nam pove, da se na opazovanem profilu nahaja 
diskontinuiteta. Z večjim številom opravljenih meritev izračunamo srednjo vrednost, ki 
nam poda oceno o kvaliteti kamnitega bloka. S pomočjo formul in drugih 
pripomočkov za lociranje je potem mogoče določiti položaj reflektorja 
(diskontinuitete) v pregledovanem preizkušancu. Na osnovi valovne dolžine je 
mogoče oceniti najmanjše še razpoznavne velikosti reflektorja, katerega red velikosti 
znaša približno polovico valovne dolžine (1/2 λ).  
Ultrazvočne meritve na materialu lahko potekajo na tri načine: direktno, pol direktno 
in indirektno. Za kvalitetno izvedbo meritev je nabolje, da je površina preizkušanca 
gladka, tako da se vzpostavi čim boljši kontakt med instrumentom in materialom. Po 
različnih avtorjih, ki so uporabljali ultrazvočne instrumente za meritve na različnih 
materialih so ugotovili, da je nabolj zadovoljiva direktna metoda, ker ima smer valov 
paralelno na pretvornike.  
Priprava metodologije odvzema podatkov in izdelava kategorizacije naravnega 
kamna - apnenca je bila izdelana v več fazah. V prvi fazi so potekale ultrazvočne 
meritve na manjših vzrocih v laboratoriju, nato so se meritve izvajale na terenu. 
Uporabila se je tudi meritev z uporabo tomografskih profilov ter na koncu analiza 
pridobljenih rezultatov. Pri izvedbi ultrazvočnih meritev na blokih naravnega kamna je 
bila uporabljena ultrazvočna kontrola pulzne tehnike v skladu s standardom EN 
147579:2004 (E), ki služi kot kriterij sprejemljivosti. 
Prva faza izdelave metodologije kategorizacije na kamnitih blokih je potekala v 
laboratoriju, kjer smo na nekaj vzorcih, ki so vsebovali različne diskontinuitete, 
testirali ultrazvočni instrument in opazovali prehod longitudinalnih valov skozi 
preizkušanec. Rezultati so bili uspešni, saj so hitrosti variirale glede na že v naprej 
določene diskontinuitete.   
Druga faza je potekala na terenu. Merjeni materiali Lipica unito, Lipica fiorito, Repen 
in Kopriva so vsebovali vse vrste diskontinuitet, ki vplivajo na kompaktnost bloka. 
Meritve profilov »in situ« so potekale pred pričetkom rezanja. Mrežo meritev, ki smo 
jo uporabili, je bila razdeljena na profile 40 x 40 cm, kolikor je velikost najmanjše 
plošče. Postopek je temeljil na vizuelnem pregledu kamnitega bloka ter pripraviti 
meritvenih profilov po dolžini in širini bloka. Po meritvah se je blok razrezalo v plošče 
različnih debelin. Po razrezu se je rezultate meritev primerjalo z realnim stanjem, ki 
smo ga ugotovili s pregledom razrezanih plošč.  
Bloki, ki vsebujejo različne diskontinuitete povzročajo precej težav pri rezanju. 
Razpoke, ki so daljše od 0,5 m, lahko med samim razrezom, zaradi dinamičnih sil, 
povzročijo odprtje bloka, med tem, ko razpoke v dolžini 20-30 cm, odvisno od vrste, 
ne povzročajo večjih težav (če le ni več vzporednih razpok).  
Veliko dela je bilo vloženega v prilagajanje gostote izmerjenih profilov dimenzijam 
kamnitih blokov. Blok, ki ne vsebuje diskontinuitet, je mogoče oceniti z najmanj 
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šestimi profili, postopek pregleda se tako konča v približno desetih minutah. Zelo 
pomemben pri določanju gostote izmerjenih profilov je vizualni pregled. Opazovalne 
mreže so prilagojene najmanjši velikosti površine plošče. Sistemsko je težko določiti 
gostoto profilov, saj bloki vsebujejo širok spekter diskontinuitet in se lahko obdelujejo 
različno. Zato je treba pozornost nameniti vsakemu bloku posebej. Število profilov 
določa natančnost določitve lokacije diskontinuitete. Več profilov pomeni boljšo 
natančnost. Odločitev, da je določeno število profilov zadovoljivo za pregled bloka, je 
zato izredno kompleksna. 
V primeru diskontinuitet v bloku, se gostota profilov poveča na shemo: po širini se 
naredi opazovalne profile v treh vrstah in sicer v razmaku 1/4 dolžine širine in višine. 
Po dolžini se naredi opazovalne profile v dveh vrstah v razmaku 1/6 dolžine bloka in 
v po višini v dveh vrstah v razmaku 1/3 višine bloka.  
Rezultati meritev so bili različni, saj so nanje vplivali obdelava površine, 
diskontinuitete in struktura materiala. Po obdelavi podatkov smo ugotovili odstopanja 
hitrosti na profilih, zaradi sestave materiala. Ugotovitve so bile nasledneje:  
 Diskontinuiteto manjših dimenzij naznanja upada hitrosti za 20 %.  
 Upad hitrost za 50 % predstavlja več sistemov razpok ali razpoko odprtine 
nekaj desetink mm. Blok s to povprečno hitrostjo je nevaren za nadaljnjo 
predelavo na večlistnem gatru. 
Večlistni gater pri svojem razrezu z močjo 95 kW in z dinamičnimi silami deluje na 
blok, kar povzroči odpiranje razpok in do razleta materiala, kar lahko poškoduje stroj 
in zaposlene v neposredni bližini.  
Pri pregledu blokov z ultrazvokom so bile ugotovljene različne hitrosti prehodov 
longitudinalnih valov. Razlike v hitrosti prehodov valov so kazale na to, da se v bloku 
skrivajo različne napake, ki vplivajo na kvaliteto rezanih plošč. To so predvsem 
različne razpoke, ki so zmanjševale hitrosti; odprte razpoke do 0,1 mm do 0,3 mm, 
so zmanjšale povprečno hitrost za  10%. V primeru večjih razpok so padci hitrosti 
tudi večji, kot 25%. Velik pomen ima tudi, če je razpoka odprta, na pirmer pri odprti 
razpoki širši od 0,5 mm, je prišlo do negativnega rezultata oz. valovi niso prišli do 
oddajnika. Manjše spremembe hitrosti 1 - 9 % nastanejo zaradi vsebnosti fosilnih 
školjk v kamnini, ki vsebujejo manjše odprtine. Manjše kalcitne žile nimajo velikega 
vpliva na padec longitudinalne hitrosti, saj so te razpoke zaprte ter široke do nekaj 
desetink mm. Večja kalcitna žila zmanjša hitrost do pribižno 10 %. V primeru razpoke 
zapolnjene z zemljino le ta deluje kot dušilec in zmanjša hitrost za 30% (odvisno od 
debeline razpoke).  
Pri pregledu smo uporabili dve metodi, in sicer ultrazvočno sondo in kladivo. 
Ultrazvočna sonda ima frekvenco 55 kHz, medtem ko kladivo oddaja frekvenco 20 
kHz. Kladivo z manjšo frekvenco in višjo energijo se uporablja za material z slabšimi 
karakteristikami širjenja valov. V določenih primerih je lahko signal prešibek in se ga 
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ne more pravilno analizirati oziroma je težko oceniti prihod prvega vala. Pri uporabi 
obeh metod ni prišlo do velikih odstopanj. Rang odstopanja hitrosti je bil med 1 - 3%.  
 
Pridobljene podatke smo obdelali z računalniškim programom DataSonic, kjer se 
obračunava povprečna hitrost in čas prihoda valov ter standardna deviacija na 
merjenih profilih. Meritve se je izdelalo pred predvidenimi razrezom, tako da se je 
lahko naredila primerjava rezultatov na samih ploščah po razrezu (vizualno).  
 
Meritve so se izvajale po direktni metodi z ultrazvočno sondo in kladivom. Po nekaj 
opravljenih meritvah smo metodo prilagodili, glede na potrebe in pridobljene 
rezultate, saj večje število meritev predstavlja večjo izgubo časa.  
Zadnja faza je bila uporaba tomografije na merjenem profilu za izdelavo tomografske 
slike merjenjega profila in določevanje lokacije diskontinuitete. Hitrost se meri na 
določenih točkah ravninskega profila. Elastična motnja, ki potuje med dvema 
točkama določenega materiala porabi določen čas t in potuje s povprečno hitrostjo v. 
Če razdaljo med dvema točkama zmanjšamo na 0 lahko določimo točkovno hitrost vp 
in točkovno zakasnitev s=1/vp, ki je definirana kot obratna vrednost točkovne hitrosti. 
Obnašanje določenega območja materiala lahko določimo, ko je "zakasnitev" s 
obravnavana kot funkcija pozicije s = s(x,y) in velja za katerokoli točko (x,y) tega 
območja. Funkcijo s(x,y) lahko aproksimiramo, če območje razdelimo na N 
pravokotnih celic, v katerih je hitrost, in s tem zakasnitev, predvideno konstantna. 
Velikost celic definira resolucijo tomografije in s tem najmanjšo velikost napake, ki jo 
lahko metoda zazna. 
Tomografski problem predstavlja rekonstrukcija razporeditve zakasnitve v N celicah 
izhajajoč iz poznavanja M časov širjenja valov vzdolž različnih poti med točkama 
izvora in zajema podatkov na robu območja. 
Tomografska metoda je izvedljiva, vendar zamudna, saj za velike bloke potrebujemo 
veliko časa. Profili morajo biti na razdalji največ 10 cm, meritve pa se izvajajo od 
točke do točke. V našem primeru se je pokazala kot zelo učinkovita, saj smo z njo 
zaznali tudi manjše razpoke, ki so se pokazale šele pri razrezu v plošče. Vendar pa 
lahko prevelika gostota meritev povzroči grobe napake in napačne ocene. Metoda je 
primerna za uporabo pri restavriranju, kjer so elementi manjši in je mogoče natančno 
določiti lokacijo napak. Omogoča tudi boljše odločanje o uporabi materialov z izjemno 
visoko ceno; v primeru, da gre za drage kamne, je treba podrobno preučiti 
dimenzijski kamen in nato določiti, kako in v kakšnem smislu se bo material 
uporabljal. Za odločanje je ultrazvočna metoda pregleda kamnov v veliko pomoč, 
hkrati pa prihrani čas in denar ter zmanjša tveganje. 
Pridobljene podatke smo analizirali, vendar niso bili dovolj za določitev kategorije 
kvalitete naravnega kamna. Zato smo dodatno naredili izmero 46 blokov naravnega 
kamna in iz danih dimenzij določili izplen plošč. Predvideni izplen smo nato primerjali 
z dejanskim izplenom. 
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Količina dobljenih rezultatov je bila povezana s korelacijsko analizo, kjer smo našli 
linearno razmerje med povprečno hitrostjo vzdolžnih valov in količino pridobljenih 
plošč iz bloka. V tem primeru smo dobili empirično formulo za določitev kompaktnosti 
kamnitih blokov za naravni kamen - apnenec. Pri statistični obdelavi matematične 
funkcije smo imeli dve spremenljivki; na osi X povprečna vzdolžna hitrost in na osi Y 
odstotek izplena plošč, kar je rezultat primerjave izmerjenih rezultatov z dejanskim 
stanjem. Višja hitrost, boljša kakovost kamnitega bloka.  
Diskontinuitete poslabšujejo kompaktnost, kar ima za posledico manjšo možnost 
predelave. Diskontinuitete v bloku so v ravnini, kar pomeni, da jih lahko z določenim 
številom profilov zaznamo. Manjše diskontinuitete niso problematične za rezanje, 
vendar vplivajo na obnovitev plošč. Diskontinuiteta zmanjša neto površino plošče. Pri 
statistični analizi smo upoštevali vse podatke in pridobili matematično funkcijo, ki 
nam pri dani povprečni vzdolžni hitrosti pove, v kateri kategoriji je določen blok in 
kakšna stopnja izplena se lahko pričakuje. Zaradi različne strukture materiala so se 
rezultati na profilih gibali znotraj določene meje, kar je bil razlog za določitev 
razredov glede na meritve in glede na izkušnje. Enačba je rezultat praktičnega dela 
in temelji na dobljenih rezultatih, tako da se razlikuje od vizualnega pregleda, ki je bil 
uporabljen na blokih v zgodovini in ki dopolnjuje kategorizacijo. Prednost 
kategorizacije je tudi, da se metoda ne osredotoča samo na bloke prve kategorije, 
temveč je uporabna tudi za bloke manjših dimenzij z visoko povprečno longitudinalno 
hitrostjo. Takšne bloke se lahko uporabljajo v proizvodnji z združevanjem v 
kompozite.  
Po izvedeni analizi je bila ugotovljena pozitivna korelacija, ki se nanaša tudi na 
korelacijski koeficient R2, kjer so višje hitrosti povezane z višjo stopnjo predelave 
plošč. Enačba služi kot orodje za načrtovanje proizvodnje in prispeva k učinkovitosti 
in ekonomsko racionalni rabi materiala. V tej disertaciji je opisan predpisani postopek 
od meritev do izračuna korelacijske formule. Takšna kategorizacija se lahko izvede 
tudi za magmatske, sedimentne in metamorfne kamnine, ob predpostavki, da so 
znane diskontinuitete in lastnosti materiala.  
Rezultate, ki smo jih dobili pred in po opravljanem razrezu smo primerjali z začetnimi 
rezultati. Analiza je pokazala razlike, saj so bloki, ki so vsebovali določene 
diskontinuitete imeli manjši izplen plošč. Neto površino plošč potekajo se dobi z 
odstranitvijo diskontinuitete in določitvijo uporabne površine brez diskontinuitete. 
Raziskava nam je podala tudi nov način predelave in s tem izboljšala izplen 
materiala, saj smo nekvalitetne dele blokov predhodno odstranili. Pri tem so nastali 
manjši kvalitetni bloki, ki smo jih sestavili v kompozit velikega bloka. Ta je bil 
sestavljen iz treh manjših blokov. Pred razrezom smo takšen kompozit še enkrat 
izmerili in ugotovili, ali je bil nanos lepila med bloki enakomeren. S tem smo izboljšali 
učinkovitost materiala in zmanjšali stroške rezanja. Rezultati ultrazvočnih meritev so 
nam pomagali tudi pri določanju slabih delov bloka in nam pomagali pri odločitvi, 
kako izboljšati kvaliteto bloka in izplena. 
 XII 
 
Ultrazvočne meritve so bile uporabljene tudi v treh zunanjih projektih obnove, in sicer 
na znamenitem Robbovem vodnjaku v Ljubljani, na projektu varovanja kamna iz 
rimskih časov na Ptuju ter obnovi kamnitih stebrov v cerkvi v Radovljici. Uporaba "in-
situ" ultrazvočne metode je bila izvedena z direktno metodo, kjer je bil kamniti 
element izmerjen pred obnovo, nato pa je bila preverjena kakovost opravljenega 
dela.   
Uporaba ultrazvočnih meritev na kamnu ni tako razširjena, kot v medicini ali 
strojništvu, vendar prihaja čas, ko bo koristen pri nadzoru končnih izdelkov.  
Metodologijo priprave kategorizacije je bila pripravljena za naravni kamen - apnenec. 
Ista metodologija se lahko uporabi tudi za določevanje kvalitete drugih vrst kamnin, 
seveda po istem postopku.  
Nadaljevali bomo z razvojem ultrazvočne metode za potrebe kategorizacije 
materialov, določanja kakovosti proizvodov in za potrebe restavratorskih del. 
Predstavljena naloga je pripomogla k izboljšanju tehnološkega procesa predelave 
materiala v našem podjetju, saj nam je posredovala informacije o kakovosti samega 
materiala in o potrebi po iskanju novih rešitev za uporabo predelovalnih storjev. Čas 
je denar. V našem poklicu moramo poiskati in razviti nove metode za uporabo 
materiala, da bi bili čim hitrejši pri doseganju naših dodeljenih nalog ter odlični in 
konkurenčni na neizprosnem trgu. 
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1. Introduction 
 
Natural stone, traditionally also called decorative architectural stone, is a specific type 
of raw mineral material obtained in blocks as large as possible, i.e. monoliths of 
parallelepipedic form. The size of natural stone (dimension stone) quarries depends 
on the quantity of the produced blocks of economically efficient dimensions. Slovenia 
is rich with mineral resources, but only few natural stone deposits are present, as not 
every type of stone has the requested physical and mechanical properties and 
stability to be used as a natural stone. 
 
Limestone is of sedimentary origin and the demand for its compactness is of high 
importance. In Slovenia, where tectonic activity is strongly expressed, stone 
compactness is difficult to guarantee. Its quarrying is also hampered by the 
increasing demand for large-scale blocks or larger sizes of natural stone products. 
 
Natural stone blocks have different sizes and different qualities. Therefore, the 
experience with and knowledge of the material is no longer enough and modern 
approaches must be introduced in assessing its quality. Globally, block estimation is 
carried out in many ways. Most are based on the visual inspection of outer surfaces 
or on striking the block and listening to its echo. New methods such as the ultrasonic 
inspection of the interior of the block will provide us with a precise assessment of the 
quality of the block. 
 
The economic crisis triggered the need to closely monitor the costs of production, 
processing and consumption of material. There are material costs associated with 
every piece of stone. Checks before its use or sale require an accurate and effective 
approach. Quick decisions can cause more harm than good. By using the ultrasonic 
examination method, we will complement our production process, making it easier to 
shorten the decision-making process and ensuring that the material can be used as 
economicaly as possible. With the appropriate classification, after the visual and 
ultrasonic examination, the categorization of the material will be determined more 
precisely. This will help us to use the material as rationally as possible.  
 
Recently, the demands for guaranteeing the quality of the blocks being sold have 
appeared in the market. Thus, investors want to ensure the best possible use of 
materials according to the desired end products. As a result, only a visual inspection 
of blocks is no longer sufficient. 
 
The measurement methodology was based on the use of an ultrasonic probe and a 
hammer. The present dissertation presents its experimental implementation on a 
large quantity of blocks and the findings of the measurements obtained. 
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1.1. Description of the general field of the doctoral dissertation 
 
In Slovenia, the presence of carbonate rocks is widespread, as 35% of the territory of 
the country is covered with limestone. Limestone has a simple chemical and mineral 
composition; however, there exist major differences in its durability and use (7) (Jarc, 
2005). Natural stone is a specific type of mineral raw material extracted in blocks of 
the largest possible dimensions. An important requirement, which is specific for 
obtaining natural stone, is that of compactness (20) (Vesel, Senegačnik, 2007). The 
types of natural stone named Lipica Unito, Lipica Fiorito, Kopriva and Repen are solid 
and compact, very durable, and are characterized by various cracks in the deposits 
(21) (Vesel, 1975). 
According to previous experiences, the most crucial problems in the production of 
natural stone have been caused by tectonics, resulting in particular in cracks and 
crushed zones (21) (Vesel, 1975). Due to the increasing demand for large-scale 
blocks of natural stone, the presence of certain cracks and faults in the blocks 
diminishes the quality and compactness of the block. Evaluations of the quality of the 
blocks are still carried out only visually, such as sprinkling the surface of the block 
with water and/or hitting it and listening to the block's echo. Surface cracks that run 
farther into the interior of the block are difficult to uncover, and this leads to 
complaints about the quality of the block or even to damage caused to processing 
machines. Investors’ requirements for large dimensions of slabs and the optimal use 
of the block fuel the need for the visual inspection of natural stone blocks to be 
complemented by an in-depth inspection and categorization, so that a higher price for 
the block can be justified. 
Assessing and determining the quality of the stone material would greatly contribute 
to its more economical use, as in the preparation and processing of blocks, many 
wrong decisions are often made in further processing. The application of the 
ultrasonic method would enable a quick and effective improvement of the work 
process, which would also result in favourable economic effects. The results of the 
inspection of stone blocks will also provide us with data on the quality of each block. 
This can be determined using the measurement method taking into account the 
observed profiles and data on the velocity of the ultrasonic wave passage. The data 
on velocity would be processed statistically using the calculation of standard 
deviation that would give us a value for the block. Based on a large number of 
measurements, we would categorize the blocks of natural stone that would determine 
the quality of the block. Based on the length of blocks, the classification previously in 
use comprised only visual inspection of a particular block and could give no 
guarantee on block quality. 
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1.2. Previous research 
 
Ultrasonic devices were already in use before the Second World War. Sound waves 
and echoes were used in searching for icebergs, submerged submarines and 
measuring sea depths on the basis of the reflected waves. 
In 1929, Sokoloff suggested using ultrasound to find faults in materials, and in 1934 
he performed the first practical experiments with the ultrasonic inspection of metal 
objects. In 1931, Mulhauser patented the use of the ultrasound control check and the 
determination of material relations and defects. Firestone (1942) patented the first 
pulse-echo instrument. Firestone and Simons (1945) developed pulsed electro-
acoustic testing or pulse-echo techniques. 
In terminology, ultrasound means high-frequency waves, which means frequencies 
higher than human hearing (11) (Meola, Maio, Roberti, Carlomagno, 2005), (4) (Bray, 
et.al., 1992). Ultrasonic instruments are portable and thus enable in-situ inspections, 
making research cheaper. Ultrasonic investigations offer techniques which are 
particularly useful in the study of stone properties, such as elasticity, anisotropy, 
mechanical strength and deterioration (5) (Christaras, 1999). These techniques allow 
for an estimation based on the sound of the stone so as to identify the authenticity of 
discontinuities or material defects, such as crushed zones and voids (4) (Bray, et.al., 
1992), (8) (Kahraman, et al., 2008). They are also useful in tracing and studying the 
changes in basic physical and mechanical properties of the stone in relation to 
moisture, weathering and stress (5) (Christaras, 1999), (8) (Kahraman, et.al., 2008). 
Methods through which we detect irregularities in material, structure, dimensions, 
physical and mechanical properties, chemical analysis, stresses without damaging 
the material are called non-destructive testing and have been in use for several 
decades. 
The purpose of such non-destructive testing is to detect cracks and irregularities in 
the material in such a way that the material is not damaged during the inspection or 
that the cracks do not increase during the investigation. Non-destructive testing 
methods are mostly used in mechanical engineering (inspection of steel wires, 
metallic elements), in construction (inspection of concrete) (17) (Trtnik, 2012) and 
also in the investigation of stone elements, electrical engineering, medicine, art, 
forensics (3) (Bodare, 2005). 
Acoustic methods are based on the generation, expansion and reflection of 
mechanical sound waves in solid materials, which depend on the density and elastic 
properties of the examined material, the frequency of the used wave motion and the 
method of sound waves generation and reception (16) (Špeglič, 2013). Transmitters 
and receivers are piezoelectric devices that transmit and receive waves. Ultrasonic 
frequencies are higher than 20 kHz (22) (Wiberg, 1994). Ultrasonic methods are 
designed on the basis of the passage and reflection of ultrasonic wave motion that is 
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generated by the transmitter and detected by the receiver. Transmitters generate 
longitudinal, transversal waves, whose expansion depends on the mechanical 
properties of the material (3) (Brodare, 2005). Material measurements of the 
ultrasonic pulse velocity may be performed in three ways: directly, semi-directly and 
indirectly (8) (Kahrman, et.al., 2008), (11) (Meola, Maio, Roberti, Carlomagno, 2005). 
For quality measurements, the surface of the measured material must be smooth so 
that there is a good contact between the transmitters and receivers. To ensure better 
contact, we also use gel (11) (Meola, Maio, Roberti, Carlomagno, 2005). According to 
previous studies (10) (Lemoni, Christaras, 1999), a direct method is the most 
satisfactory one, as the wave direction is parallel to the converters. If the converters 
are on the opposite side of the material, the spreading of waves is faster and the 
pulse velocity will be higher than with the indirect method. The statistical analysis of 
concrete, performed according to (18) (Turgut in Kucuk, 2006), reveals that the 
average value of the direct ultrasonic pulse velocity is by 9% and 4% higher than the 
average indirect ultrasonic pulse velocity in the selected direction and the indirect 
ultrasonic pulse velocity in the horizontal direction. The indirect method is used for 
determining the weathering depth and consolidation degree, as well as for detecting 
cracks near the surface (10) (Lemoni in Christaras, 1999), (1) (Akveren, 2010). 
Ultrasonic investigations have been used extensively on architectural ornamental 
stone, for the reconstruction of stone elements, inspection of stone monuments, in 
slabs in which irregularities were detected that occurred over time (weathering) or 
were caused by the installation technology. 
 
To date, extensive research on slabs and monuments has been carried out using 
various geophysical and other methods, but no ultrasound investigation on blocks of 
natural stone - limestone has been applied in order to determine the quality of the 
block or the classification of natural stone (limestone) blocks. Quality has only been 
determined visually, which is unreliable. As stone blocks travel around the world, it is 
understandable that the quality risk is difficult to assume. Although the blocks are 
visually good and we do not see major defects on their sides, the center of the block 
is often unknown. Often, cracks occur that begin or end 10 cm below the surface. 
Open cracks can contain air, calcite fill, etc. Each crack divides the block into several 
parts, thereby reducing the quality of the block. It is difficult to determine in advance 
the dimensions of the slabs needed. It is difficult to dimension or prepare the work 
process, as it is often impossible to know what to expect, and consequently the cost 
of production is increased and valuable time wasted. Therefore, the evaluation of 
blocks of natural stone would also provide a way of handling the damaged block. 
Globally, there exist various methods of cutting natural stone due to the general 
desire to use the stone as economically as possible. It is necessary to pay special 
attention to natural stone blocks containing discontinuities and to use best cutting 
technology, which will allow for cutting the block into quality slabs without damaging 
the machine. 
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1.3. Research hypotheses and methods of research 
 
The introductory part will present the problem, an overview of the field and the 
purpose and goal of the doctoral dissertation. In its theoretical part, the dissertation 
will review previous research of the scientific field and provide a detailed explanation 
of the operation of the ultrasonic method. The practical part of the doctoral 
dissertation will include the methodology of data capture and processing, as well as 
the results of measurements on various types of blocks of natural stone - limestone. 
In its final part, the dissertation will present the results of the measurements, the 
research methodology and provide the Equation developed through a statistical 
analysis of the mathematical function, which will help develop a categorization of 
stone blocks. 
 
1.4. Expected results and contribution of the doctoral dissertation 
to the development of science 
 
We expect that through the introduction and optimization of the ultrasonic method in 
stone industry we will contribute to a better understanding of the determination of the 
quality of stone blocks and create a new categorization of blocks. This will improve 
the use of the quarried material and help decrease the expenses involved in natural 
stone processing. This will be achieved by developing advanced methods for 
processing field data captured by the parameters optimized for various structural 
problems in the block. 
 
By using ultrasound, we will contribute to the development of the Slovenian research 
area, as studies of this type are rare also on a global scale. 
 
The confirmation of the hypothesis, the development of new methods and their 
verification in solving various research problems will present an original contribution 
to science. Due to different types of natural stone blocks - limestone, their 
classification will be very important. The results will be of universal relevance, as the 
evaluation and determination of the quality of blocks using ultrasound, along with the 
examination of the conditions inside the block, presents a major research challenge. 
In addition, research results will also greatly contribute to the improvement of the 
process of natural stone processing and the economy of materials. 
 
2. Description of ultrasonic testing 
 
Ultrasonic methods are widely used in healthcare, construction and mechanical 
engineering. Their area of use is widespread, such as examination of castings, 
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welds, clamps, thicknesses of concrete, etc. Recently, ultrasonic investigations have 
also been used in the stone industry, especially in restoration work, as well as in 
assessing the quality of stone elements. Experiments can only be carried out by 
qualified personnel and the procedures for certain measurements are standardized. 
 
 
2.1. Methods of non-destructive testing (NDT) 
 
Methods of non-destructive testing are material-friendly methods, as such 
examination does not result in injuries to test subjects. They are also called 
defectoscopy. This field deals with the evaluation of material quality and quality of the 
works performed on the material. 
Non-destructive testing methods include defect detection technology and evaluation 
of the impact of defects on the quality of the material, halfproduct or product. This 
technology is based on the physical properties of the examined material, where 
natural defects or work-related defects are detected. The material can be monitored 
from the beginning of production to the final product in the facility. 
There are several types of non-destructive testing methods: 
- Investigations with liquid penetrates (the penetrate fills the defect, which 
becomes visible due to color contrast). 
- Visual inspection (is a non-destructive investigation of material which uses the 
light in the visual field as an agent). 
- Magnetic inspection (by means of magnetic particles and the creation or 
scattered magnetic field, it detects open defects (propagating onto the surface) 
in ferromagnetic materials and hidden flaws that lie just below the surface). 
- Leakage control (with a vacuum connector and a pump, we create a vacuum 
or overpressure, which, through the applied soap, reveals the flow of gas 
through the potential crack or other tightness). 
- Radiographic control (in industrial radiographic investigations, we record on 
film the intensity of radiation after passing through the tester, thus obtaining an 
image of defects). 
- Ultrasonic testing (the use of sound waves propagating through a tester and 
reflecting at the marginal surfaces of defects). 
- Thermographic control (thermography uses infrared scanning, similar to video 
cameras, to detect changes in temperature on the machine surface, which is 
associated with an increased heat transfer or the presence of defects). 
- Vortex control (with use of electromagnetic induction, defects are detected in 
conductive materials). 
- Acoustic emission control (refers to the previous elastic waves generated by 
the release of the tension in the material). 
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2.1.1. Ultrasonic measurements 
 
We established the velocity of sound propagation in natural stone according to the 
SIST EN 14579:2004 (15) (SIST, 2014). The processing of the obtained data was 
carried out using the Boviar and Tomo tools software programs. 
When testing materials with ultrasound, we used high frequencies of sound energy 
for observation and measurement. Ultrasonic measurements can be used to detect 
or evaluate defects, measure dimensions, determine materials, etc.  
The test system consists of several interconnected functional units, such as a 
transmitter/receiver, a converter, and display units. The transmitter/receiver is an 
electronic device that can produce high-voltage electrical pulses. The converter turns 
these pulses into high-frequency ultrasonic energy. The sound energy enters and 
passes through the substance in the form of waves. Wherever a wave encounters a 
defect in substance (a crack, a non-homogenous material, etc.), the part of the 
energy is reflected from the disturbance back to the surface. In case of minor 
irregularities, the wave bypasses them and requires a longer time to travel to the 
receiver. The bounced signal is again converted into an electrical pulse and 
displayed on the screen. If we measure the time that has elapsed from emittion to 
reception of the signal which bounced from defect, we can deduce the location of the 
defect, and sometimes also its shape and size. 
Preparation of samples for inspection by an ultrasonic instrument was not in 
accordance with the standard, as it prescribes the dimensions of test samples of 
300mm x 75mm x 50mm with a tolerance of ± 2mm, but in our case, the samples in 
the field represented dimensions ten times this size. The samples were also not dried 
to a temperature of (70±5)°C, as prescribed by the standard. The measured samples 
were taken in the field and most of them were measured at a temperature of 15 – 
35°C. Drying samples of such size would require an extremely large drying room (15) 
(SIST, 2014). 
In the field of non-destructive testing, ultrasonic testing represents a very useful and 
diverse method. The most commonly mentioned advantages of this kind of testing 
are: 
 It is sensitive to disturbances above and below the surface. 
 The depth of defect testing in materials is much higher than in other NDT 
methods.  
 For testing with a reflection wave, one-side access only is required.  
 High precision in determining the position, size and shape of the defect. 
 Does not require much preparation. 
 Electronic devices deliver results immediately (in real time). 
 By automating the process, we can obtain detailed images. 
 In addition to defect detection, it is also useful in other areas, e.g. thickness 
measurement. 
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On the other hand, as with all other methods, there are certain limitations: 
 The surface must be acoustically conductive. 
 It requires greater knowledge and skills than some other methods. 
 It often requires a coupling medium to facilitate the waves to enter the measured 
object. 
 It is difficult to observe materials that are irregular in shape, very small, very thin 
or non-homogeneous. 
 Sometimes we do not detect linear defects in materials that are parallel to the 
waves.  
 
 
2.1.2. Wavelength and defect detection 
 
When working with ultrasound, the examiner must decide which frequency of the 
waveform to use. Along with the frequency, the wavelength, which has a great 
influence on the ability to detect defects, changes. The velocity of the wave remains 
the same. The rule in the industry says that any defects in material larger than ½ of 
the wavelength will be detected. 
In this context, two more terms are commonly used to describe the ability to detect 
defects in materials, namely: resolution and sensitivity. 
Sensitivity is the ability to detect small defects and usually increases with increasing 
frequency (decreasing wavelength). 
Resolution is the ability of the system to detect defects that lie close together in the 
material or near the surface. Resolution also increases with frequency. 
By increasing the frequency, we can also produce the opposite effect. If our observed 
material is not completely homogeneous, we will receive reflections at high 
frequencies also due to material granularity and microscopic irregularities. This will 
also reduce the maximum depth that can be achieved, as with reflections, the power 
of the wave is decreasing faster. 
 
2.1.3. Physical properties of ultrasonic waves  
 
Ultrasonic instruments generate short-time high-voltage pulses, due to which the 
piezoelectric transducer in the ultrasonic probe twists and then exits. These 
mechanical vibrations are the basis of the formation of ultrasonic waves (frequencies 
> 20.000 Hz, outside the hearing range). The oscillation spreads in the form of a 
wave that is reflected on the boundary surfaces and can be detected. The decreased 
wave energy mechanically deforms the piezoelectric receiver, resulting in an 
electrical charge and electrical voltage shown on the screen of the instrument, as 
seen in Figure 1. Using the appropriate settings, we can determine the length of the 
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sound path to an individual reflector based on the time or distance on the screen 
between the emitted pulse and the received signal from the reflector. Using the 
formulas and other locating tools, it is then possible to determine the position of the 
reflector in the examined sample. 
 
 
 
 
Figure 1: Ultrasonic instrument and measurement display (24) (NDT 
Education Resource Center, 2015)  
 
2.1.4. Ultrasonic theory 
 
Among the most important sound properties are velocity (c), frequency (f), and 
wavelength (λ). Wavelength is proportional to wavelength velocity and inversely 
proportional to frequency, as shown in the Equation below. 
 
                                       𝜆 =
𝑐
𝑓
                                                  [1] 
The velocity of ultrasonic wave passage ci  from the transmitter to the receiver is 
calculated with the Equation 2; l is the length of the measured profile and t is the time 
of passage of longitudinal waves. 
Ci = l/ t (km/s)                                                                             [2] 
 
With a larger number of performed measurements, the middle value (arithmetic 
mean?) is calculated, which gives us the quality estimation of the block,  
 
 
?̅? =
1
𝑛
∑ 𝑥𝑖 =
1
𝑛
(𝑥1 + ⋯ + 𝑥𝑛)
𝑛
𝑖=1                             [3] 
 
 
Standard deviation may be calculated as σ (sigma), i.e. a deviation of the whole 
population or a random variable, or as s, i.e. a deviation of an individual sample of 
the statistical population. 
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?̅?𝑥 = √
∑  (𝑥𝑖−?̅?)
2𝑁
𝑖=1
𝑁−1
                                       [4] 
   
where xi is an i-th unit in the statistical population,  is the arithmetic mean of the 
population, and N is the number of all units. 
 
Data processing was performed after the statistical capture of the measured values. 
For a statistical survey of a particular population, we must have a function defined on 
its basis, which defines a real value X (e) for each element of the e population. The 
value of this function on a randomly selected element of the population is treated as 
the realization of a random variable, which is denoted by the same letter X. We need 
to take a sample on the basis of which we want to approach the actual parameters of 
the distribution function of the variable X. 
 
The source system is written in n measured values xi. It is necessary to define 
intervals or classes where certain measurements fall into a particular class k. 
Absolute frequencies are entered, i.e. the number of individual measurements from 
each interval hj (j =1,2,…, k), then the relative frequency hj/n is determined, i.e. the 
percentage (in %) of the measurement from each class according to the number of 
measurements. This is graphically displayed with a step-by-step function and the 
graph is called a histogram. Statistical analysis of the mathematical function which 
describes the ratio between the average velocity and the recovery of slabs from the 
stone blocks is shown by a correlation curve. 
 
2.1.4.1. Measurement errors 
 
Every measurement, regardless of how it is derived, is encumbered with 
measurement errors. Measurement and other errors occurring during the 
measurement itself are called deviations. We try to determine the value that we wish 
to measure as accurately as possible, which is achieved by repeating the 
measurements and calculate the average of the results. 
According to their origin, measurement errors are classified into three groups: 
- Measurement errors arising from incorrect readings or procedural errors 
(irregular contact to the probe surface, non-use of a lubricant). 
- Systematic measurement errors arising from inaccurately calibrated 
measuring devices.  
- Statistical or random measurement errors arising from random changes in 
measurement conditions.   
Calculation of errors in the measurements of the same accuracy will be used in our 
measurements. 
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2.1.5. The physics of oscillations 
 
If a weight suspended on cord is moved from the equilibrium position to a certain 
point and dropped, then this pendulum swings sideways until all the energy is used 
for air resistance and friction (pendulum, Figure 2). The oscillation is therefore a 
uniform movement around the equilibrium position. If a pencil is attached to the 
underside of the swinging weight, it writes on paper (which moves constantly in a 
certain direction), the oscillation can also be graphically displayed (Figure 2) in 
correlation with time.  
Due to air resistance, the energy used during the oscillation in this example is 
replaced, and we can speak of the so-called non-continuous (periodic) oscillation, 
which has constant amplitude in time. If energy losses are not replaced, there is a 
dampening of oscillation. The amplitude in this kind of oscillation decreases with time. 
A highly damped oscillation with a large coefficient of damping, which comprises only 
one oscillation, is called a pulse. It is these pulses that are used for ultrasonic testing. 
Oscillation is defined by the following physical quantities: 
- deviation/amplitude 
- oscillation time (period)/frequency 
Oscillation deviation represents any momentary deviation from the equilibrium 
position. The maximum deviation from the standstill is called the amplitude of the 
oscillation. The oscillation time T (s) (period) is the time interval in which the 
pendulum returns to the starting position (time of one full oscillation, Figure 2). 
Oscillation time is used to express the frequency of oscillation f (s-1), which 
represents the number of oscillations per second. The interdependence of the 
oscillation time and frequency with the corresponding formula is shown in Figure 2 
Equation 5 (14) (Perner, 2011). 
f  = 1/T                                                                                        [5] 
f – frequency (Hz) 
T – oscillating time (s). 
 
 
Figure 2: Pendulum (14) (Perner, 2011)  
Direction 
of paper 
movement 
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2.1.6. The physics of waves 
 
Oscillation propagating through space is called a wave. Within the time interval of 
one period T (oscillation time) the oscillation is propagating through space for one 
oscillation period. The distance covered in this time is called wavelength (λ). The 
quotient between the wavelength (λ) and the oscillation time (T) represents the 
velocity (c), i.e. the distance covered in the unit of time, at which the sound wave is 
propagating. The symbol for wave frequency is f. 
 
                                     𝑐 =
λ
T
↔  c =   (λ) × f                                                                         [6] 
(λ) – wavelength (mm) 
c –  velocity of wave (mm/s) 
f – frequency (Hz). 
Waves can only propagate through space when the oscillations and vibrations of 
particles are transmitted from one to another. Therefore, in vacuum (e.g., in space), 
due to the lack of particles, mechanical waves cannot propagate; however, light and 
various forms of radiation can nevertheless be transmitted in such an environment. 
Sound can spread in liquids and gases (air) by means of particles colliding. Thus 
created disturbances move by compression waves. The smallest particles in solids 
(for example, in crystalline metal gratings) are chemically bound. With regard to their 
function, these bonds can be compared to springs or the stretching of rubber, and we 
can therefore define them as elastic bonds. When the wave reaches the border 
surface, it can change its direction and intensity. The acoustic border area is a 
narrow area in which the type of media changes and hence also the speed of sound. 
The border surface can be the natural boundary of the studied object (geometric 
surface), a defect in the material, the contact surface between two different materials, 
surface protection, etc. From the practical point of view, there are only two 
possibilities for the ultrasonic wave at the border surface: 
- reflection, or 
- transfer into a new medium. 
Materials have different elastic properties, which results in different speeds of sound 
characteristic for a certain material. The speed of sound is therefore a constant for a 
particular material and depends on: 
- elastic material properties (the modulus of elasticity), 
- material density. 
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Sound enters the object of a certain material at a certain frequency and consequently 
propagates through the material at a rate characteristic of this material. When 
working with familiar materials, the selection of frequency is therefore often a decisive 
factor for the successful implementation of ultrasonic testing. Based on the 
wavelength, it is possible to estimate the limits for detecting the smallest identifiable 
size of a reflector whose order of magnitude is approximately one half of the 
wavelength (1/2 λ). Table 1 shows the velocity of ultrasonic waves through certain 
types of stones according to Dobrin (6) (Dobrin, 1976). Table 1 shows the 
longitudinal velocities cp and transversal velocities cs. 
 
Table 1: The veloci ty of transverse and shear waves through various 
materials according to Dobrin (6) (Dobrin,1976) 
 
Material cp/(m/s) cS/(m/s) 
Granite 5 000–6 000 2 500–3 300 
Granodiorite 4 780 3 100 
Diorite 5 780 3 060 
Gabro 6 450 3 420 
Basalt 540–6 400 2 700–3 500 
Dunit 6 800–8 640 3 500–4400 
Gneiss 3 500–7 500   
Marble 3 700–7 000   
Sandstone 1 400–4 300   
Limestone 5 900–6 100 2 800–3 100 
Anhydrite 4 100   
Shale 2 100–3 400   
 
2.1.7. Wave types 
 
Ultrasonic waves can propagate through material in many different ways. The 
following types of waves are used: 
- longitudinal waves (compression waves: waves of concentrates and dilutions), 
- transverse waves (transverse - shear waves), 
- Rayleigh waves (surface wave), 
- Lamb waves (elastic wave). 
In longitudinal waves (Figure 3), the direction of the motion of particles is on the 
same plane as the direction of waves. Wave can propagate through space as 
compression waves in a solid, liquid and gas medium. 
 
Andrej KOS, doctoral dissertation 
Use of ultrasonic measurements in determining the quality of natural stone blocks - limestone 
 
14 
 
 
Figure 3: Longitudinal  and transverse waves (24) (NDT Education 
Resource Center, 2015)  
In the case of transverse waves (Figure 3), the direction of the motion of the particles 
is perpendicular to the direction of wave motion, therefore such a wave can only 
propagate through a solid medium, which only allows interaction of transverse 
(shear) movements or forces between particles. For steel, the speed of sound and, 
therefore, the wavelength of the transversal wave at the same frequency is about half 
of that in the longitudinal wave. It follows that by means of transversal waves, it is 
possible to detect smaller reflectors in the material than by means of longitudinal 
waves of the same frequency. 
 
2.1.8. Ultrasonic probes 
2.1.8.1. Normal (flat) probe  
 
The vibrator, damper, reel and connections are integrated into the housing. The 
vibrator is metal on both surfaces so that it can be plugged into an electrical source. If 
an alternating electric field is applied to it, it starts to vibrate at a frequency rhythm 
and emits mechanical waves into the sample in the form of longitudinal waves. The 
damper at the back shortens the time of tilting the plate so that a single sound pulse 
is propagated into the sample. In addition, it amortizes all vibrations that spread to 
the opposite wall of the tile in the interior, because the tile is very thin, sensitive to 
fracture and also to wear. It is protected by a plastic layer. Since the sound is 
propagating perpendicular to the surface of the sample, we are talking about a 
rectangular corner of the sound or also a rectangular sound intrusion (Figure 4). 
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Figure 4: Piezoelectric transmitter or receiver (24) (NDT Education 
Resource Center, 2015)  
 
2.1.8.2. SE probe 
  
In the described normal (flat) ultrasonic probes, we only deal with one vibrator, which 
serves as a transmitter and receiver. As a result, the transmission pulse is partially or 
completely visible on the screen, the signals from the nearby reflectors fall into this 
region, so they cannot be separated from the transmitting signal. In this case, we are 
talking about the lack of resolution of nearby signals. In practice, however, it often 
happens that an ultrasonic check of thin sheets is to be performed or that 
irregularities near the surface are to be detected. In this case, we use a probe with 
two acoustically separated vibrators. Both are built into one housing, one serving as a 
transmitter and the other as the receiver. A probe with this construction is called an 
SE probe, as shown in Figure 5.  
 
 
Figure 5: Picture of sound transmitting over the transmitter (24) (NDT 
Education Resource Center, 2015)  
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2.1.9. Sound field 
 
The sound from the surface of the vibrator propagates in a spherical shape from a 
number of points into the sample. Spherical waves combine (interfere) and form into 
a beam. This area is called the near field. Due to interference, maximums and 
minimums of the sound pressure are generated, which results in the reflectors at 
various points in this field showing through variable amplitudes of the reflected signal. 
This area ends where the sound beam is most concentrated and the concentration of 
energy increases the focus most. 
At this point, the sound beam is separated in the form of a headlamp beam, and this 
area is called the far area. In this area, the sound beam is expanded in the form of a 
cone. With increasing distance the surface is becoming larger, the energy density 
decreases per unit area and the signal reflected from the reflector decreases in 
height, in correlation with the distance from the reflector to the ultrasonic source. 
If we observe the energy distribution transversely to the beam, we can see that it is 
the largest in the center of the beam, the so-called center line of the ultrasonic beam. 
Beyond this center, the density of energy decreases, but it does not disappear 
completely. If we connect points in the beam where energy decreases by half, we get 
the so-called edge line of the ultrasonic beam. 
The angle between the central and the edge lines of the ultrasonic beam is called the 
divergence angle. If the diameter of the vibrator (D), the frequency (f) and the 
acoustic velocity (c) in the sample are known, near field (N) and divergence angle (φ) 
can be calculated. 
 
Figure 6 : Signal output and sonography (13 ) (Medvešček, 2014)  
 
The data referring to the probe characteristics can be calculated using formulas or 
looked up in tables of different manufacturers: 
 Np = DS
2 * f/(4 x c)                [7]   
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            sin 𝜗− 50% =
1
2
× (
𝑐
𝐷𝑠×𝑓
)                                              [8]              
Np – near field (mm) 
𝞋 – divergence angle (°) 
Ds – vibrator diameter (mm) 
c – speed of sound (km/s) 
f –  frequency (Hz) 
This applies especially when the wave reaches the border area. The acoustic border 
is a narrow area in which the type of media changes and hence so does the speed of 
sound. The border surface may be a natural boundary of the studied object 
(geometric surface), a defect in the material, the contact surface between two 
different materials, surface protection, etc. For the ultrasonic wave at the border 
surface, there are only two possibilities from the practical point of view: 
- reflection, or 
- transfer into a new medium. 
Most commonly, both phenomena occur simultaneously, but with different individual 
proportions. Nearly complete reflection of sound happens at a metal/air boundary, 
whereas in the case of metal/metal the sound is split into a fraction that passes into 
the new material and a fraction that is reflected at the boundary, as shown in Figure 
7. 
 
Figure 7: Sound Field Format (13) (Medvešček, 2014)  
 
 
2.1.10. Operation of transmitters 
 
The sound derived from a piezoelectric converter does not originate from a point, but 
from virtually the entire surface of the element. Circular transducers are sometimes 
referred to as cylindrical sources, as the sound in front of the transmitter expands in 
the shape of a cylinder, as seen in Figure 5. Colors are used to show the sound level, 
whereby the lighter color means greater strength. 
Np 
Edge beam line 
Edge beam line 
Center of ultrasonic 
beam 
Remote area 
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Since the ultrasound originates from an infinite number of points on the surface of the 
converter, the ultrasonic intensity along the beam depends on the interference 
between adjacent waves, which can be summed up or subtracted (13) (Medvešček, 
2014). 
In the vicinity of the converter, we have many  irregularities in the ultrasonic wave 
and this part is called the near field. The cause of these areas of high and low 
pressure is the size of the surface of the converter. If the origin of the waves were be 
a point, we would have an ideal wave, but in our case, we have a plurality of waves 
merging into a single wave only at the end, i.e. in the near field. Due to these 
deviations, it is extremely difficult to accurately detect defects in materials in this 
area. 
The ultrasonic beam is much more homogeneous in the far field where it behaves as 
if it originated from the center. The boundary between the near and far fields is 
located at the distance Np from the converter and is called the natural focal point of 
the flat converter. The distance Np is important because at this point, the irregular 
wave, which characterizes the nearby field, passes into a smooth wave. The area 
following the distance Np is most suitable for measurement, since the wave has, in 
addition to its homogeneity, also the maximum power (13) (Medvešček, 2014). 
 
2.1.11. Coupling medium between the probe and test material 
 
The coupling medium is a substance that facilitates the passage of ultrasonic energy 
from the converter to the measured object. The use of such a medium requires in 
particular a high sound impedance at the boundary of the air-solid substance since 
most of the ultrasonic wave is reflected at the boundary and only some of it enters 
the measured object. The coupling medium expels the air from the joint and makes it 
easier for the sound waveform to enter and to obtain a usable ultrasonic signal. In the 
contact measurement of material defects, a thin layer of oil, glycerine or water is 
usually used between the inverter and the tested material, as shown in Figure 8. 
 
 
Figure 8: Coupl ing medium between the converter and material  (24) 
(NDT Education Resource Center, 2015)  
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When we perform measurements over the workpiece or when we want accurate 
results, we use the immersion principle. In this ultrasonic measurement, the converter 
and the measured object are immerged in a coupling medium, which is usually water, 
as shown in Figure 9. This principle greatly facilitates the provision of a constant 
audio impedance when moving the inverter and/or the measured object (13) 
(Medvešček, 2014). 
 
 
Figure 9: Water as a coupl ing medium in the measurement with 
immersion principle (24) (NDT Education Resource Center, 2015)  
 
2.2. Ultrasonic methods 
 2.2.1. Resonance method 
 
The resonant method was used by older wall-thickness meters. The vibrator is 
excited by a continuous variable frequency of electrical voltage, thus creating 
standing waves in the sample. The thickness of the sample is calculated from the 
maximums of the sinusoid, as shown in Figure 10. 
 
Figure 10: Resonance method (14) (Perner, 2011) 
 
 
Test material 
Ultrasonic wave 
Ultrasonic probe 
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2.2.2. Direct, indirect and semidirect method 
 
Figure 11 a) shows the direct measurement technique in which the transmitter is 
placed on the same axis as the receiver. Sometimes a transmitter or receiver is 
placed on the opposite side to improve the measurement, but not in the direct way - 
indirect method.  
If possible, it is good to perform the measurement of the ultrasonic pulse by direct 
method, because the energy is at the maximum and the accuracy of the 
measurement depends mainly on the exact measurement of the length of the profile. 
The use of a lubricant or plastic mass is essential to provide for a good contact 
between the stone and the probe, which enables us to avoid errors in the 
measurement.  
However, this process has certain weaknesses: 
- only an indirect assessment is possible, because it is not possible to determine the 
distance of the reflector; 
- the change of the audio assembly between the probe and the sample influences the 
estimation of the received signal strength, therefore it is not possible to accurately 
estimate the size of the reflector; 
-  in practice, it is often not possible to install the transmitter and receiver probe 
symmetrically on each side of the sample, which is a precondition for measuring; 
- two ultrasonic probes and often two operators are needed. 
 
DIRECT METHOD
TRANSMITTER RECEIVER
SEMIDIRECT METHOD
TRANSMITTER
RECEIVER
INDIRECT METHOD
TRANSMITTER RECEIVER
ROCK SAMPLEROCK SAMPLE ROCK SAMPLE
 
Figure 11 : a) direct, b) semidirect, c) indirect and d) direct method  (8) 
(Kahraman,2008).  
Figure 11 b) shows a semi-direct method, where the transmitter and receiver are 
placed on opposing faces in the 90° direction. Here, a reduced accuracy of the 
measurement appears along the length of the path, as the length must be measured 
from the center of the two probes. Otherwise, the method is the same as the direct 
method.  
Figure 11 c) shows an indirect method, which is used only in cases where access to 
only one surface is possible, for example when we wish to measure the depth of a 
Andrej KOS, doctoral dissertation 
Use of ultrasonic measurements in determining the quality of natural stone blocks - limestone 
 
21 
 
surface crack or determine the depth of weathering. At the receiver, the indirect 
method for the given length produces an amplitude of only 2 - 3% of the signal 
produced by the direct method. The indirect method is always slower than the speed 
of the direct method on the same element. The difference can be between 5 and 
20%, depending on the quality of the material. There are also some differences due 
to the accuracy of the length of the traveling waves. Therefore, it is necessary to 
make several measurements on the profile with different distances between the 
probes. The transmitter must remain in the same place, with only the receiver 
moving, as shown in Figure 12. With these curves we can then determine whether a 
discontinuity or poor quality is present in the material, but the measured velocity can 
be unreliable (5) (Christaras, 1999). 
 
 
Figure 12: The results in the picture are made for two different concretes on a) 
concrete of poor quality and b) homogeneous concrete (5) (Christaras, 1999) 
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The depth of weathering can be calculated on the basis of the Equation 9 (5) 
(Christaras, 1999:134): 
             D = 
𝑋𝑜
2
× √
𝑉𝑠−𝑉𝑑
𝑉𝑠+𝑉𝑑
                                                                               [9] 
D - depth of weathering (mm) 
Xo – length where the curve changes (mm) 
Vs – pulse velocity in the rock (km/s) 
Vd – pulse velocity in damaged rock (km/s). 
 
3. Problem and purpose of ultrasonic measurements 
 
Natural stone blocks or material taken from the rock massif in the deposit site are 
transformed into smaller elements, usually slabs of larger or smaller dimensions. The 
processing takes place through the cutting machine, i.e. the gangsaw, with a large 
number of iron belts with diamond-shaped bodies that cut the stone from one end to 
the other.  
The problem during the cutting itself is that the material can be broken due to the 
defects inside it. The material begins to break in case of anomalies in its structure. 
Braking can be due to a sudden load or longer repetitive loads (material fatigue) (12) 
(Maček, 2012). There are micro and macro cracks in the material, which, due to 
longer repetitive loads, can increase and open up. Each individual micro crack does 
not trigger fracture. Problems are the macro cracks that can not be seen on the 
surface of the block. The number of micro cracks and their size increases over time. 
Over time, a micro crack becomes large enough to break even at a low load. Cracks 
may also be caused by an incorrect method of sourcing (blasting).  
 
The tension can be tensile, compressive, shear or torsional. The fracture geometry is 
divided into three types according to the direction of the stress on the crack, as 
shown in Figure 13:  
- crack opening at tensile stress (type I),  
- longitudinal (type II), 
- transverse shear (type III). 
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Figure 13: Display of crack opening (12) (Maček, 2012)  
 
All of the aforementioned types of stress (tensile, compressive etc.) can be 
developed according to these three types. The most widely discussed is the crack 
opening. Figure 13 is schematic. Fracture does not necessarily take place from the 
surface towards the inside, but can also begin in the interior. This is also true for the 
three types of fracture (14) (Maček, 2012). 
 
The strength is lower due to the amplification of the tension at the tip of the cracks, 
which was explained in 1913 by Charles Inglis on the elliptical crack model in the 
infinite plane. A simple condition for crack propagation was carried out in 1920 by 
Alan Arnold Griffith. Improvements to the various fracture geometry were introduced 
in 1957 by George R. Irwin. Further improvements followed, particularly for ductile 
fractures. 
 
 
 
 
 
Figure 14: Tensi le stress strain   (12) (Maček, 2012)  
 
Figure 14 shows the transition to a ductile fracture in marble at 100 MPa. The 
transition is recognized as an extended fracture curve at maximum tension.  
 
Type I: Tensile 
stress 
 
 
Type II: Longitudinal 
shear stress 
 
 
Type III: Transverse 
shear stress 
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An example of the opening of a block during cutting is shown in Figure 15. During the 
cutting process, the material is subjected to high force, which causes the block or 
slabs containing open cracks or larger closed cracks (larger than 80 cm) to open. The 
breaking of the block during the cutting process causes halts in production and loss 
of material. In this case, due to repetitive loads, breaking occurs which causes the 
displacement and jamming of slabs and, of course, destruction of the material, or, in 
extreme situations, displacement of the machine construction itself. 
 
     
Figure 15: Opening a block during sawing on the gangsaw (2) (Archive, 
2018)  
 
Before cutting, we often not notice internal cracks with visual control. Parameters that 
affect the course of cutting are: 
- material properties, 
- machine parameters (tangential cutting force, impact force and hits per 
minute). 
The cutting speed on the 40-belt gangsaw is about 25 cm/h for limestone and 
marble. The cutting speed for granite is 5 cm/h. 
On larger blocks this is reflected in shifted network planes, macroscopic cracks 
(macro cracks) or a different orientation of the cutting of slabs. Fractures can also 
occur due to pre-existing damages, such as surface scratches.  
 
The steel belt pressures and hits the rock and thus transmits kinetic energy to the cut 
block. The cutting technology operates on the basis of an abrasive mixture on steel 
belts that glide over the rock. The mixture is made up of an average of 66.6% water, 
3.1% cutting sand, 1.2% calcium oxide and 29.4% stone minerals. 
The belt and impact costs can reach up to 48% of the total cost of cutting. Natural 
stone blocks are natural materials. Although they come from same deposit, they often 
vary due to their mineral composition, structure, texture and mechanical strength, so 
each material behaves differently when cut. 
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3.1. Irregularities in natural stone blocks 
 
Natural stone blocks are parallelepipedal monoliths. They represent a raw material - 
limestone (sedimentary rock). Due to the intense tectonics in the deposits, these 
blocks range in size from 1.5 to 8 m3 and contain different discontinuities. Blocks can 
contain various irregularities, which may be or not be visible on the surface and can 
extend over the entire length or width of the block. They are extremely dangerous 
because they often cause a block to break during cutting and decrease the length of 
the elements. 
Surface irregularities can affect the ultrasonic check, as the change in the geometry 
causes a change in the direction of sound inside the material and the appearance of 
false signals, which are called indication forms or also geometric indications. 
The detection of volumetric defects which lie inside the monolith and are often not 
open to the surface is possible with volumetric methods of checking the material 
using an ultrasonic method. 
Visible irregularities are the following: 
- Closed calcite cracks of a thickness of 0.2 mm to 0.5 mm, of different angles, 
passing through the whole block. 
- Open veins of a few cm. 
- Irregularities in the structure of the material. 
- Different surface finishes (natural, smooth and rough). 
In addition to all discontinuities, technological irregularities also occur. The surface 
treated with diamond wire saw is smooth, but that made with chain saw is rough. The 
character of the surface is of high importance as it affects the quality of the 
measurement acquisition. The contact between the probe and the surface must be 
good. Therefore, in the case of natural and rough surfaces, a hammer is used as a 
transmitter.  
Figure 16 shows the Lipica Unito stone block containing closed cracks. No cracks 
were observed on the surface during cutting but we detected them after cutting and 
dismantling the block. The size of the crack did not increase during cutting, nor did 
the crack open. In terms of usability, ¼ of slabs shown in Figure 17 are usable. 
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Figure 16, 17 : Block No. 2388 before and after cutting (2) (Archive, 
2018) 
 
Cracks often cause losses as they open during the cutting process. These losses 
comprise material losses as well as time losses. This leads to increases in production 
costs, which affect market competitiveness.  
The internal defects in monoliths are: 
- cracks (longitudinal and lateral), 
- small holes (resulting from incomplete fillings), 
- various karstified forms (smaller apertures). 
The biggest problems are defects that run transversely or diagonally to the direction 
of sawing blocks, as shown in Figure 18 below. The blue and green cracks (critical 
cracks) are the most common cause of shattering of the block during sawing. If 
several such cracks are present in the block, the block becomes unusable for cutting. 
Cracks in the direction of sawing are not problematic, as they are removed in the 
cutting process. 
 
 
Figure 18 : Cri t ical  cracks on natural  stone blocks  
Important factors in the process of cutting blocks into slabs: 
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- cutting time, 
- cutting costs, 
- quality of the finished product. 
For the cutting of stone blocks, whether granite, marble or other natural stones, multi-
belt gangsaw are used which can be wired or belted. The cutting parameters vary 
greatly in different materials. When steel belts with diamond segments or a diamond 
wire start the cutting process, stone dust is formed which has different characteristics 
in different materials. The following parameters have the greatest impact on cutting: 
the cutting mechanism, abrasion and tension, and the characteristics of the stone 
material. The most emphasis should be placed on the petrographic characteristics of 
the material, technological characteristics of steel belts or diamond wires and the 
number of hits.   
 
4. IMPLEMENTATION OF ULTRASONIC MEASUREMENTS  
4.1. Ultrasonic instrument Boviar  
 
The ultrasonic instrument SolGeo CMS from Boviar is an instrument that measures 
with high accuracy the time of the first compression wave through the material at high 
velocities. To detect low velocities, a hammer-transmitter with a frequency of 20 kHz 
is used. Measurements can be performed directly, semi directly and indirectly. 
The instrument consists of: 
- the central unit and the HP - IPAQ (PDA) handheld device, with the SolGeo - 
PocketSonic program 
- a piezoelectric transmitter 55 kHz, 20 kHz 
- a low frequency transmitter - hammer 20 kHz 
- a piezoelectric receiver 55 kHz (possibility of receiving from 20-80 kHz) 
The system also has a bluetooth connection so that a PDA device can make 
measurements 30 meters away from the central unit. The system can be used in a 
laboratory as well as in the field, as it contains a rechargeable battery that allows for 
a 24-hour autonomy. 
The central unit contains an electronic circuit for generating high-voltage impulses for 
the transmitter and converting signals from the receiver to be displayed in the 
program. The system operates at a frequency of 1.25 MHz, which digitizes the 
acquired signal and displays the entire waveform profile on an oscilloscope in the 
time-amplitude diagram. The instrument and its specification is presented in Figure 
19. 
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Transmitter:  
Frequency 55 kHz  
Voltage 1.6 kV  
Energy 0.05 J  
Weight 770 g  
Dimensions 50 mm × 75 mm  
Receiver:   
Frequency 
span 
1–70 kHz  
Sensitivity 1 kHz = 4 840 
mV/g  
Highest 
sensitivity 
6 kHz = 30 V/g  
Receiver 
power 
20 dB  
Weight 760 g  
Dimensions 50 mm × 75 mm  
Figure 19 :  Ultrasonic instrument Boviar with a probe and hammer (25) 
(Boviar, 2018) 
 
The transmitter - hammer is used when the energy of the piezoelectric transducers 
TSG-55 and TSG-20 represents a clutter and the energy is insufficient to inspect the 
material or the sample surface is not smooth and a good contact cannot be achieved. 
In such circumstances, the incoming wave is too weak to enable an accurate 
estimation and the time of the first wave is difficult to estimate. The signal produced 
by the transmitter - hammer is characterized by a lower frequency and high energy. 
The device is ideal for measurements of monuments or materials of large 
dimensions. 
 
4.2. Data processing program – PocketSonic 
 
The central unit is connected via an electrical cable or via Bluetooth connection to the 
HP - IPAQ (PDA) handheld with installed PocketSonic program. Before starting the 
measurement, it is necessary to set the configuration for which the measurements 
will be carried out. Table 2 shows the configurations for certain measured samples: 
Table 2: Setting values for measurements with respect  to the length of 
the sample (25) (Boviar, 2018) 
 
Sample 
format 
Length 
Frequency  
(kHz) 
Measurement 
time (µsec) 
Boost 
(x) 
Short sample 5 - 30 
cm 
1250   800 10 
 Middle sample 30 – 100 
cm 
1000 1000 100 
Long sample > 100 
cm 
   250 4000 1000 
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It is necessary to select the signal acquisition duration. The time of arrival of the 
signal together with the maximum frequency enables a graphic presentation. Table 3 
shows the maximum time of measuring the transition in relation to the selected 
frequency. 
Table 3: Manufacturer correct ions (25) (Boviar, 2018) 
Useful 
(sample) 
frequency 
(kHz) 
Fs 
Resolution 
(µsec)  
(sample time) 
 
Ts = 1/Fs 
Maximum 
time used 
(µsec) 
 
Tacqmax.=Ts x 2048 1250 0,8 1600 
1000 1 2000 
500 2 4000 
250 4 8000 
200 5 10000 
100 10 20000 
50 20 40000 
 
When working with ultrasound, the examiner must decide what wave frequency to 
use. However, the wave velocity remains the same, wavelength changes along with 
the frequency, which has a significant influence on the ability to detect defects. A rule 
in the industry says that all defects in materials that are larger than ½ of the 
wavelength are usually detected. 
 
4.3. Calibration of the ultrasonic instrument 
 
Calibration refers to the process of evaluation and adjustment of the accuracy of the 
measuring equipment. In ultrasonic testing, several forms of calibration are needed: 
- First, the electronical equipment must be calibrated to ensure a proper and 
accurate operation. It is usually performed by the equipment manufacturer. 
 
- It is also usually necessary for the operator to carry out the "calibration" of the 
equipment. The user must "calibrate" the system which includes the settings of 
the equipment, the converter and the test setting to confirm the desired level of 
precision.  
 
- The term “calibration standard” is usually used only when the absolute value is 
measured. In many cases, the standards follow the standards of the National 
Institute of Standards and Technology. 
In ultrasonic testing, there is also a need for reference standards. The reference 
standards are used to determine the overall level of consistency in the 
measurements and to assist in the interpretation and amount of information obtained 
Andrej KOS, doctoral dissertation 
Use of ultrasonic measurements in determining the quality of natural stone blocks - limestone 
 
30 
 
from the received signal. The reference standards are used to confirm that the 
equipment and settings provide similar results. The reference standards also help the 
reviewer to evaluate the size of defects. When setting the pulse response type, the 
signal strength depends on the size of the defect and the distance between the 
defect and the converter. The reviewer may use a reference standard with an artificial 
defect of a known size and at approximately the same distance that the device 
produces a signal. By comparing the signals from the reference standard to that 
received from the actual defect, the reviewer can assess the size of the defect. 
The pulse technique enables a very precise determination of the position of individual 
reflectors, as it is carried out by means of timing measurement of the audio path, the 
time being proportional to the path taken to the individual reflector and back in the 
examined time. In order to be able to read the actual sound path in the object, it is 
therefore necessary to calibrate the horizontal axis (X axis) using the known 
dimensions of the calibration block, which must be made of a material with a known 
sound velocity or with a known transition time. 
For various types of ultrasonic examinations, there are a whole series of calibration 
blocks with different calibration reflectors. In our case, we used a block of cylindrical 
shape (Figure 20) with a known dimension of 15 cm and the passage along the X 
axis must be in the range of 65 µs. The manufacturer Boviar also provides all 
relevant documentation on the physical properties of the calibration block.  
 
Figure 20: Calibration block for cal ibrating the Boviar instrument  
 
4.4. Tomography on natural stone blocks 
 
The ultrasonic tomography uses ultrasonic waves for the creation of images. The 
elastic interruption that travels between two points of a certain material spends a 
certain amount of time t and travels with an average velocity. If the distance between 
two points is decreased to zero, we can determine a point velocity vp and point delay 
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s=1/vp, which is defined as a reverse value of point velocity. The behaviour of the 
material area can be determined when the “delay” s is considered as a function of the 
position s=s(x,y) and is valid for any point (x,y) of this area. The function s(x,y) can 
be approximated if the area is divided into N rectangular cells in which the velocity 
and also the delay are presumably constant. The cell size defines the tomography 
resolution and thus the minimum defect size the method is able to detect. 
The reconstruction of the delay allocation in N cells derived from the known M-times 
of wave propagation along different paths between origin points and data collection 
at the area border represents a tomographic problem. 
 
Figure 21: Graphic display of the tomography profile (l i j is the wave 
length i  in the cel l  j)  (25) (Boviar, 2018)  
 
The wave path area depends on the velocity allocation. Nevertheless, we decided, due to the 
indeterminacy of the actual path the wave travels between origin points and data 
collection site, to use linear topography and thus consider straight wave paths. 
In linear tomography, the values of slowness in N cells, in which the area was defined 
(see the grid in Figure 21), are acquired with the following system of Equation 10: 
 
{𝑙11𝑠1 + 𝑙12𝑠2 + ⋯ + 𝑙1𝑀𝑠𝑁 = 𝑡1} 
{𝑙21𝑠1 + 𝑙22𝑠2 + ⋯ + 𝑙2𝑀𝑠𝑁 = 𝑡2} 
      .              [10]  
      . 
{𝑙𝑁1𝑠1 + 𝑙𝑁2𝑠2 + ⋯ + 𝑙𝑁𝑀𝑠𝑁 = 𝑡𝑀} 
 
where the element Iij represents the length of the i-th wave path inside the j-th cell, sj 
is the delay (reverse velocity value) of the j-th cell and ti is the propagation time of the 
i-th wave path measured with the device. In the system (2), the lengths lij are known 
when the area geometry and a certain resolution (grid size in Figure 22) are known; 
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times ti are known and are acquired through measurements, and slowness s j is an 
unknown quantity. In the matrix form, the system is defined as: 
                             [L] ∗ s̅ =  t̅                                                    [11]  
Where: 
?̅? – length vector 
[𝐿] – length matrix 
𝑡̅ – wave propagation vector 
Thus, the solution in tomography, calculation of the delay vector: 
                               s̅ =  [L]−1 ∗ t̅                                                [12] 
Generally, the smallest size of the detectable defect cannot be a converter diameter. 
The tomography resolution is thus conditioned by the definition of the section: the 
denser the grid, the higher the resolution and smaller defects may be detected and 
shown. In reality, the size of the cell is the same as the smallest defect size that can 
still be detected by the tomography. One would expect that a very dense grid for the 
increase of resolution would be used, but while the number of cells also means a 
number of unknown quantities, we need a certain number of Equations at the end of 
the solution of the linear tomography system, i.e. the measurement of the travel time 
which is larger than the number of unknown quantities. This is why increasing the 
resolution necessarily means a disproportionate increase in the number of 
measurements. 
Generally, the matrix L is not square, badly conditioned and deficient, and it is thus 
not possible to directly calculate the reciprocal. Thus, the problem must be solved 
with partition/allocation coefficients that are suitable for the processing of badly 
conditioned inverse problems (25) (Boviar, 2018). 
 
4.5. Characteristics of examined natural stone 
 
All the deposits of Karst natural stone are of sedimentary origins and were exposed 
to several  tectonic phases. Therefore, the sites are intersected with numerous 
discontinuities and various other elements (holes in fossils, smaller caverns, etc.).  
All the above-mentioned anomalies influence the passage of waves through the 
stone and give different results in terms of the determination of compactness. 
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4.5.1. The Lipica deposit 
 
This site of quarries belongs to a larger geotectonic unit of the Trieste-Komen 
Plateau, which is mostly composed of cretaceous limestone (K1, K2). Both productive 
varieties of limestone (the Lipica Fiorito stone and the Lipica Unito stone) are part of 
the Nabrežina horizon, which extends from the Lipica region in Slovenia to Italy, 
where it is excavated in quarries near Nabrežina. The wider area of Lipica II quarry is 
composed of the same material except for its SW part where paleocene layers 
outcrop in a mild syncline. 
The area surrounding area Lipica quarries was geologicaly mapped in 1963 and 
1964 (OGK SFRJ; 1:100.000, Sheet Gorica). A further detailed mapping was carried 
out by Jurkovšek et al. (1996) and published in the Geological Map of the Southern 
Part of the Trieste-Komen Plateau; 1:50.000.  
The Lipica Unito limestone represents the most compact part of the whole Nabrežina 
horizon. The total thickness of the Lipica Unito stone in the deposit is up to 80 m but 
the grain size and content of large fossils varies noticeably. Moreover, due to a high 
rate of karstification, the upper 7 - 10 m can be regarded as roofing even though the 
stone is a pure Lipica Unito stone. 
The rock from the actual roofing is composed of highly karstified dark-grey, thick, 
granular limestone mainly without fossil remains, grey, granular, sometimes with 
breccia, dolomitized limestone with poorly preserved fossils, and grey, thick 
limestone with some fossils. The layers are concordant to the Lipica Unito stone. 
They outcrop in the SW part of the deposit area.  
The thickness of the roofing is increasing towards the SW due to the dip of the layers 
of 25°- 35° in that direction. Layers are most noticeable in the roofing, while in the 
productive series, they are only indicated by color difference and the distribution of 
fossils. 
 
4.5.1.1. Tectonics of the deposit 
 
In terms of tectonics, cracks represent the majority of discontinuities in the Lipica 
deposit. Their orientation roughly coincides with the main tectonic directions, i.e. the 
Dinaric, transversal Dinaric, Alpine and transversal Alpine. Cracks are also present in 
the semi Alpine direction called lapeš and in the semi Dinaric direction called libro. All 
the systems are subvertical. In addition, rock compactness is also affected by various 
random cracks, karstification and stratification. 
According to the study on classification and categorization of calculated stocks and 
sources of natural stone – limestone – in the Lipica II quarry area, the following 
systems of discontinuities can be identified, as shown in Table 4. 
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Table 4 : Systems of  discontinui ties in the Lipica quarries  (2)  (Archive, 
2018) 
No. DISCONTINUITIES  DIP 
DIRECTION 
 (°) 
DIP  
(°) 
FREQUENCY 
(%) 
1 lapeš, libro 82 74 8 
2 Dinaric direction 42 (222) 87 35 
3 transverse Dinaric 
direction 
139 86 20 
4 stratification 240 25 12 
5 transverse Alpine 
direction 
86 65 12 
6 Alpine direction 5 68 6 
7 random 19 35 7 
 
»Lapeš« and »libro« are represented by thin, compressed, subvertical, closed 
calcite veins, which can extend to a length of up to some 10 m. They appear 
randomly or in thick beams (libro), which are sometimes difficult to see and can be 
detected by higher cleavage of the stone in these directions. While the lapeš dips 
more in the E-W direction, libro dips in the direction of approx. 160°. With depth, the 
impact of both is significantly reduced, which is especially true for libro. 
The Dinaric direction is characterized by numerous cracks, crushed zones and 
faults, whose direction is often seen on the surface as highlighted karst formations 
(series of dolines, karrens, etc.). They are mostly steep and over 10 m deep. Since 
this system represents a good third of all discontinuities, it plays an important role in 
the planning of underground exploitation.  
The transverse Dinaric direction is important because of the faults in the 
transversal direction to the stratification. In some places significant movements are 
visible, which cut the productive layer onto individual rather damaged blocks. This 
system is also very steep and highly karstified close to the surface. Individual faults 
and fractures can extend well above 40 m in depth. 
Stratification does not cause distinctive discontinuities except close to the borders of 
the production layer. It dips unevenly from 15° - 45° south-west (SW) and is best 
seen by the distribution of fossils and lithological changes after which the rock breaks 
more easily. 
The transverse Alpine direction is similar to the transversal Dinaric direction except 
of the dip which is here towards the east (E). This system greatly disrupts the 
compactness of the rock, which, due to its spatial orientation, forms typical wedge 
shapes with other systems. 
The Alpine direction (N-S) is of minor importance. The surfaces of this system are 
not frequent, but they extend far into depth. 
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Random fractures are composed of all other measured discontinuities, of which a 
fairly large number represent incorrectly distributed contraction cracks. They are 
mostly observed close to the surface and, along with other systems, they basically 
prevent the extraction of blocks to a depth of 5-7 m. Fractures closer to the surface 
are further emphasized with karstification. 
Geochemically, samples belong to a very clean limestone with over 99%, even up to 
99.7% of the total carbonate. The proportion of MgO in the range between 0,12 and 
0,32% is bound to calcite, which has the character of a low Mg calcite. The chemical 
composition of the Lipica Unito stone and Lipica Fiorito stone is shown in Table 5. 
Table 5: Chemical composition of the Lipica Unito stone and the Lipica 
Fiori to stone (2) (Archive, 2018) 
CaO 
(%) 
MgO 
(%) 
Kalcit 
(%) 
Dolomit 
(%) 
Total 
carbonate 
(%) 
Insoluble 
remaining 
(%) 
55,13-
55,74 
0,12-
0,32 
97,59-
99,19 
0,55-1,48 99,06-99,74 0,26-0,94 
 
 
4.5.1.2. Usability of Lipica Unito and Lipica Fiorito stone 
 
The quality of natural stone is mainly influenced by its petrographic composition, 
structure, age, inclusions of other minerals and porosity. On the other hand, the rate 
of exploited blocks is influenced by stratification, cracks, cavernosity and 
homogeneity in color, granulation and distribution of fossils. The two types of 
limestone that are extracted in Lipica quarries are the Lipica Unito stone and the 
Lipica Fiorito stone, which differ from one another in color, granulation, content of 
fossils and quality.  
The Lipica Unito stone and the Lipica Fiorito stone are slightly recrystallized 
biomycrite limestone, which differ mainly in granulation and fossil size. To a minor 
extent, they also differ in porosity, which makes the Lipica Fiorito stone generally less 
resistant to atmospherics and slightly softer. The Lipica Unito stone is a light olive 
grey, homogeneous, compact, medium to coarse grained, hard limestone, which 
cannot contain fossils or fragments of more than a few mm. The Lipica Fiorito stone 
is light grey to pink grey, fine-grained, fairly sturdy, compact limestone with various 
sized and sometimes unevenly distributed but basically well preserved contours of 
bivalve molluscs, mainly rudists with a white calcite core. The advantage of the Lipica 
Fiorito stone over the Lipica Unito stone is in its easier processing and polishing; 
however, due to its previously mentioned properties it also loses shine faster and is 
therefore not recommended for outdoor use. The downside of the Lipica Fiorito stone 
is also its uneven distribution of fossils, which differ in color and size.  
The Lipica Unito stone and the Lipica Fiorito stone are sold as blocks of standard 
commercial dimensions. In processing, blocks of irregular sizes called tombolones 
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are also used. Tombolones are used for the production of smaller slabs, curbs, and 
other products; similarly to blocks but at smaller rates. It is also possible to make 
them into smaller panels, parquet, garden panels and other products. Suitably 
treated pieces can be sold as support elements or coating material for fences and 
walls. Even smaller pieces can be grinded into aggregates and used for concrete and 
mortar, and to a lesser extent also for lime flour. For all this, the market and 
economic viability must first of all be guaranteed.  
 
4.5.2. The Doline and Lesično deposits 
 
The Lesično and Doline Quarries belong to the western part of the Repen stone 
limestone area. The geological structure of the area has been determined by detailed 
geological mapping, research drilling and experimental cutting.  
The limestone from Lesično and Doline occurs in a single layer of 18 to 31 m in 
thickness. This is the classic Repen in the commercial sense, or the productive layer 
of the Repen formation. 
The matrix is a light grey to grey, partially recrystallized biosparite limestone with 
distinct, well-preserved, mainly recrystallized fossil remains of hondrodont and 
radiolites. The density, layout, size and preservation is not uniform but rather repeats 
in layers of thickness of up to 0,5 m, which indicates cyclic sedimentation. 
In the upper part of the Repen stone there is a layer of brighter grey Repen stone up 
to 2 m in thickness which contains large cross sections of caprinids. This layer ends 
the productive layer of the classic Repen stone. The Repen stone is separated from 
the roofing rocks by a thick layer of jerina, calcite incrustation and granular dolomite. 
It is called daska by locals and represents a hiatus in sedimentation, which is also 
indicated by karstified upper part of the Repen stone with bauxite in cavities.  
In general all the layers dip 5° to 15° southwards. The thickness of the Repen stone 
reaches up to 30 m. 
There are no significant faults observed in the quarries. From the configuration of the 
terrain and the arrangement of the dolines, as well as from the detailed geological 
mapping of the excavated parts, some crushed zones can be determined in the 
direction of NW-SE and N-S. Most of the fractures in the area are due to regional 
tectonics and are classified into three systems: 
In the Doline and Lesično deposits, discontinuities are highly expressed in the 
productive part of the Repen stone. We divide them into 5 main systems: 
 Stratification with a slight dip of 5-15° towards the S and SSW is strongly 
expressed at both boundaries of the productive layer. In the productive layer, it 
is clearly visible in terms of sedimentation and lithology but it causes no 
problems in the extraction processes. In general, stratification plays an 
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important role in the selection of the method of extraction, but does not have 
any impact on the extraction rate. 
 The Dinaric system is strongly expressed in the direction of NW-SE. Its 
fractures are rather steep and easily observed. They can reach the depth of 
more than 10 m and are locally filled with secondary oxidation-altered 
sediments (jerina, Fe, Al hydroxides, debris).  
 The Transversal Dinaric system represents subvertical, shorter fractures which 
are denser in the upper part of the productive layer. They greatly affect the 
rate of recovery. The effect decreases rapidly with depth. 
 The Alpine system in the direction of the N-E represents individual 
concentrations of subvertical fractures and crushed zones, which often result 
in abysses, dolines, faults, and others at the intersections of other systems. 
 The Transversal Alpine system is generally less important but can be clearly 
represented locally. 
 
Apart from the above-mentioned systems, there are many, according to the form, 
size and type of occurrence of random discontinuities, which can, due to their 
unpredictability, greatly change the conditions and the effect of excavation. 
Of all the geological characteristics of the productive layer, structure is one of the 
most important factors for evaluating prospects, so it is necessary to constantly 
monitor and complement it in both the research and the acquisition phase. 
 
4.5.2.1. Usability of the Repen stone 
 
The quality of natural stone is mainly influenced by petrographic composition, 
structure, age, inclusions of other minerals and porosity. On the other hand, the rate 
of exploited blocks is influenced by stratification, cracks, cavernosity and 
homogeneity in color, granulation and distribution of fossils. In the quarries of Lesično 
and Doline, the classic Repen stone is extracted. 
The locals have always used it for construction purposes. Larger, more compact 
pieces were processed into various portals, plates and monuments. In the last 
decades and especially just before and after the WWII, the Repen stone was used 
for polished slabs for interior linings (walls, staircases, shelves).  
When hand-worked, the Repen stone splits nicely with a medium-rough surface 
which can be flat or shell-like, regardless of fossils remains and calcite veins. It does 
not contain minerals, which, due to different levels of hardness, would obstruct its 
production and processing. 
Due to its considerable recrystallization and homogeneous structure, the Repen 
stone can be highly polished and keeps its brilliance. The above-mentioned 
properties rank the Repen stone among the most prized natural stones in Slovenia. 
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The only weakness of the stone is its high rate of cracks in various directions and 
karstification which is noticeable to a depth of up to 5 m. Moreover, its porosity is 
increased near calcite veins and indicated layers. Stylolites which occur in the stone 
occur in various direction and are filled with dark or reddish calcite or clay, but do 
not present significant defects in terms of the polishing ability and strength of the 
slabs. 
 
 4.5.3. The Kopriva deposit   
 
The Kopriva deposit belongs to the geotectonic unit of the Trieste-Komen 
anticlinorium, which is mainly built by Cretaceous limestone. The Kopriva stone is 
part of the Repen formation and represents a variety of the Repen stone. It is most 
probably of the Upper Cenomanian to Middle Turonian age. 
The productive series is a light grey, solid limestone with numerous crushed shells of 
molluscs, mainly rudists. The layer dips 10 to 20º towards the S-E. The thickness of 
the Kopriva stone is estimated at a maximum of 35 m. The surrounding stone 
consists of dark grey limestone without fossil remains. The limestone is strongly 
cracked, breakable and brittle. It also contains calcite veins up to a few centimeters in 
thickness.  
The Kopriva stone deposit is highly fractured and fragmented. Many fractures are 
often filled with clay and/or are highly karstified. Crushed zones are also common. 
Fractures can be barely noticeable or strongly accentuated by karstification. They run 
in different directions and often cut individual blocks. 
Particularly in the upper part of usable rock, we have observed fractures with a 
subhorizontal or horizontal position. Cracks do not show stronger signs of 
karstification.  
 
4.6. Examples of cracks in blocks of natural stone 
 
Natural stone blocks have a volume of 1.5 to 8 m3. Most of them have all the six 
surfaces cut. Often, because of the processing costs and the character of the cracks, 
not all the surfaces have been processed. The extraction method allows us to save 
many cuts by a properly set cutting. This means that we need to excavate in the 
direction of the main fractures or perpendicular to that direction. 
Every material has its own properties, which means some can be cut in any direction. 
But some can only be cut perpendicular to the direction of the sedimentation in the 
so-called direction libro. 
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I will present some of the most common cases of major cracks in blocks that have the 
greatest impact on the further processing and the block value itself. Examples are as 
follows: 
1. The example shows a crack that divides the ideal block in half, as shown in 
Figure 22. Regardless of whether the crack is open or closed, it increases the 
risk of opening during the cutting process. This means that we get two smaller 
blocks from one block, which in practice means smaller dimensions of slabs 
and in economic terms two blocks of Category V. Our aim is to determine the 
extent of such a crack using ultrasound.  
 
Figure 22: Display of the crack transverse to the direction of sawing  
 
2. A diagonal crack is the most unfavorable one, as it divides the block into two 
prisms, as shown in Figure 23. An open or closed crack increases the risk of 
opening during the cutting process and consequently damaging the machine 
and the block itself. This type of blocks are classified as tombolons (Category 
VI) and need a different processing. Each slab has different dimensions and it 
needs further processing. 
 
Figure 23: Block with diagonal crack  
 
3. A block with a crack in the direction of slab sawing is shown in Figure 24. The 
block remains categorized with respect to the dimension. In further processing, 
a block with such a crack has no problems, even if the crack is open. Because 
of the loss in dimension, the block loses 20% of its value. 
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Figure 24: Block with a crack in the direction of sawing  
 
4. A block with a horizontal crack as in Figure 25. An unfavorable crack that can 
open during cutting. The dimensions of the slabs are reduced due to the crack; 
therefore, this block belongs to Category III. 
 
Figure 25: Block with a horizontal  crack  
 
5. A lock with a crack in the corner as in Figure 26. Cracks of this type are 
removed before the start of cutting. The block loses its value by about 20%, as 
half of the block will produce smaller slabs. With the ultrasound, the extent of 
the cracks is determined, and a smaller, better-quality block can be made from 
such a block.  
 
Figure 26: Block with a crack in the corner.  
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The value of blocks is reduced with every defect they contain. Discontinuities in the 
direction of cutting do not cause many problems and reduce the value by 20%. 
Discontinuities in the diagonal or transverse direction cause the reduction in price by 
up to 50%. Blocks are measured in weight, so a value per unit of weight is given. 
In slabs, the evaluation method is different. Slabs are measured in m2. Any defect on 
the surface of the slab is deducted from the gross surface area. The cleanest 
measure is being sought from the slab, and that is why there are considerable losses 
or substantial negotiations within the evaluation of the slab. 
 
5. Ultrasonic measurement 
5.1.  Performing ultrasonic testing and work in the IRGO laboratory 
 
In tests we examined five stone samples of different types containing discontinuities 
in structure and surface. Our aim was to verify changes in the measurement 
parameters on samples with different discontinuities. 
Samples were measured using an ultrasonic pulse instrument at the Institute for 
Mining and Geotechnology (IRGO).  
For the measurement in the laboratory, we used an ultrasonic pulse instrument with a 
55 kHz transmitter and receiver. A lubricant was used on the probes. Calibration was 
made on the tested cylinder. Point probes were used, as shown in Figure 27, and a 
42.5 μs roller was used for calibration. 
 
 
Figure 27: Instrument cal ibration in laboratory  
 
 
The objectives of the testing were as follows: 
- To determine whether any changes appear in the longitudinal waves passing 
through the stone at certain discontinuities or without discontinuity. 
- To apply different methods of examination. 
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- To perform testing with or without a lubricant on various sawn surfaces. 
 
 
 
Figure 28: Measurement of the sample by the indirect method and 
determination of the wave transi tion veloci ty, which was 3 .49 km/s. The 
depth of the crack was 4 cm.  
 
The results of the laboratory measurements are as follows. The measurements were 
made on 5 samples, which had different discontinuities. A direct and an indirect 
method were used. Two types of converters were used; cylindrical and point-to-point 
with 55 kHz. Ultrasonic pulse measurements were made with Lipica Unito and Lipica 
Fiorito, as shown in Figure 28 and 29.  
 
 
Figure 29: Shows a fi l led crack and measurement with cyl indrical  
probes; measured veloci ty of 3.98 km/s  
 
The results of the test measurement with ultrasound are presented in Table 6. We 
made one observation profile on each sample, on the basis of which we monitored 
the parameters. We found that by the direct method it is possible to measure the time 
and velocity of the passage of ultrasonic waves through natural stone. We measured 
the maximum velocities on samples with no discontinuities and compared them with 
the results obtained in other studies. The longitudinal waves that transited through 
the discontinuities (the red line in Figure 29) had (the black line on Figure 29), at a 
known distance, an increased time and a lower velocity. It was found that the 
lubricant (vaseline) must be used for the accuracy of the test, and must be uniformly 
applied to the probe to provide good contact with the surface of the stone.  
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Table 6: Table of measurements performed in the laboratory  
 
Sample Method Sample 
dimensions        
(cm) 
Distance 
T-R (cm) 
Velocity 
(km/s) 
Material Other 
1. direct 20 x 10  x 
12 
10 5.90 Lipica 
Unito 
stone 
Discontinuity of  4  
cm in the middle 10 6.15 
20 6.08 
indirect  20 6.05 
10 6.00 
12 3.49 
2. direct 35 x 13 x 15 15 6.00 Lipica 
Fiorito 
stone 
Dry cracks 
Holes 35 5.65 
13 5.70 
3. direct 20 x 15 x 31 31 6.11 Lipica 
Fiorito 
stone 
Crack in length 
20 5.40 
20 3.98 
15 5.82 
15 6.08 
15 1.61 Crack in vicinity 
4. direct 22 x 12 x 8 22 6.12 Lipica 
Unito 
stone 
Flowstone in 
length 
22 4.80 Flowstone 
12 4.91  
8 5.01 
5. direct 27 x 15 x 16 27 6.01 Lipica 
Fiorito 
stone 
Dry cracks 
Holes 
15 6.05  
16 5.70 Crack in vicinity 
 
These results provided a good starting point for continuing our research on larger 
stone blocks using a new computer program and performing tomography on 
samples.  
Natural stone blocks were first cleaned. The calibration of the ultrasonic instrument 
was performed. After a visual inspection, profiles on the block were determined. The 
biggest unknown in blocks of 2 - 8 m3 is the interior. The profiles are made in the x-
axis direction, depending on the size of the block. We made profiles in the shape of a 
40 x 40 cm cube on 350 stone blocks. The distance between the profiles was 40 cm. 
The direct method was used.  
We did not have criteria for carrying out the measurements, so we used the in-situ 
method where the block was measured before cutting and the results were then 
compared after sawing. The measurements were carried out in accordance with EN 
147579: 2004 (E), (15) (SIST, 2014). 
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5.2 Method of ultrasonic measurements on blocks of natural stone 
 
Stone blocks are brought from the quarry to the processing plant, visually inspected 
and measured. Calibration of the instrument before the start of measurements is 
mandatory. Discontinuities that are visible on the surface are examined with 
additional profiles, so as to determine how deep the discontinuity goes into the block. 
The purpose of the inspection is also to determine block areas that are dangerous for 
further processing.  
The determination of the profiles depends on the measurements made and the 
content of the block. The most important thing in assessing the quality of the block is 
its interior. That is why the profiles are placed along the length in a 40 cm raster, a 
minimum of 6 profiles. The distance between the profiles in width was 50 cm, which 
equals to the surface of the smallest slab still usable in processing. Measurements of 
longitudinal waves were carried out using the direct method. It is difficult to determine 
the measurement system, as the size and content of the discontinuities in blocks 
vary. That is why we call this method a basic one with 6 observed profiles. By 
processing the data of the basic method we can then decide to dense the number of 
profiles which would allow us to determine the crack area. These problems are 
explained in depth in Chapter 4.6. 
The cracks and discontinuities which are very important in processing: 
 Cracks in the direction of the sawing of slabs or the so-called libro, which 
means they are orientated perpendicular to the direction of the layer in the 
quarry. They do not represent any major problems except for the loss of 
the number of slabs. The slabs can be made from 1,6 cm in thickness and 
up. 
 Discontinuities in the diagonal or transverse direction with a dip are 
extremely dangerous as they cause opening of the block during sawing 
regardless of the slab thickness. 
In the majority of cases, reinforcements are used in terms of coating and cracks are 
filled with epoxy resins so the blocks do not open during the cutting process. 
That is why it is important to check all 6 sides of the block cut preferably by diamond 
wire or chain saw. To provide a good contact between the probe and the material, 
plastic mass is used. We also used a lubricant; however, it leaves stains on the 
block, which is not a commercially desirable feature. 
The blocks are inspected before sawing and placed on wooden beams, where they 
are attached with a mixture of water, cement and sand of a 0,25 mm fraction. This 
prevents the block from sliding off the wooden beams. 
Data processing can be done on the ground or performed using DataSonic, as will be 
shown below. 
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The program installed allows for displaying data, while increasing the material density 
and the Poisson coefficient, we can also calculate the Young's modulus of elasticity 
Ed (25) (Boviar, 2018). 
                        𝐸𝑑 =
𝑉𝑝
2∗𝜌∗(1+𝜎)(1−2𝜎)
(1−𝜎)
                                           [13]  
ρ – density (kg/m3) 
σ – Poisson modulus 
Ed – modulus of elasticity (N/m
2) 
Vp – longitudinal velocity (m/s) 
 
 5.2.1. Ultrasonic measurements on natural stone blocks 
 
For our method of evaluating natural stone blocks, two methods were used: 
 Method with a transmitter and a receiver. 
 Method with an ultrasonic hammer and a receiver. 
 
Observation profiles had to be adapted to the nature of the block after a preliminary 
evaluation and check. At the beginning, the profiles were set more densely, which 
affected the accuracy of discontinuity determination. 
 
The modes for setting profiles: 
 
 Measurement by length and width as shown in Figure 30. In case of 
discontinuities, the profile density is properly enlarged. In width, observance 
profiles in three lines profile should be made, namely on the 1/4 (c) of the 
width and height. In length, observance profiles in two lines should be made at 
the interval of 1/6 (a) of the block length and in height in two lines at the 
interval of 1/3 (b) of the block height (9) (Kos, 2015). 
 
Andrej KOS, doctoral dissertation 
Use of ultrasonic measurements in determining the quality of natural stone blocks - limestone 
 
46 
 
 
 
Figure 30: Positioning of the ul trasonic profi les on a block of natural  
stone 
 
 Upon examining the blocks, we found that the biggest problem was 
represented by cracks transversal to the direction of sawing. Therefore, these 
cracks are given greater importance. In such cases, ultrasonic measurements 
were made only by length of the block. The number of measured profiles 
(Figure 31) depends on the visual inspection of the block. Measurements were 
carried out by direct method. The number of profiles was adjusted to block 
conditions. The time needed for measurements was shorter. Finally, the slabs 
were examined and the results were compared (Figure 32). 
 
   
Figure 31, 32: Measurements made on a profile ( left) and inspection of 
slabs  (right) (2)(Archive, 2018) 
 
 Inspections of blocks with only 6 observation profiles. The greatest risk when 
cutting is represented by discontinuities that run perpendicular or diagonal to 
the direction of cutting. Discontinuities that are open or filled with material (soil) 
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are opened due to cutting when the cutting sheet reaches half the cut. With 
cutting, the block is subdued to a dynamic burden which causes a rupture of 
the block along the crack.  
 
 
5.2.2. Quality inspection method with a minimum number of profiles 
 
The method for checking the quality of blocks of natural stone must be quick and 
must provide quality data for further processing. Blocks are of different dimensions 
and compositions. They contain differently distributed discontinuities. Block 
inspection includes visual inspection and then 6 observation profiles, where a block is 
inspected with two profiles in length and four in width. Additional profiles are added 
where there is a drop in velocity so the discontinuity can be located. The profiles are 
set at one third of block length and width, as shown in Figure 33. In case of 
deteriorating results, an additional profile is added. When cutting slabs of 1.6 to 2 cm 
in thickness, another three profiles are added. 
 
 
Figure 33: Measured profi les for the determination of the crack  
 
 5.2.3. Hammer and receiver method 
 
The hammer in the CMS system is used when the energy of the piezoelectric 
transmitters TSG-55 is not efficient to pass the waves through the material. In this 
case, the wave transition is too weak to be properly analysed and the first arrival is 
difficult to estimate. The signal is produced with a low-frequency and high-energy 
hammer. The device is ideal for materials with low wave propagation properties, such 
as monuments or materials of large dimensions. 
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Figure 34 : Hammer transmitter (25) (Boviar, 2015) 
Figure 35 shows the processing of the observation profiles in the Lipica Fiorito stone 
block. Until the first arrival, there was a slight noise, which did not affect the further 
course of the measurements. The first reflection differs from the one from the probe. 
When using a hammer, it is usually necessary to apply a correction of -20, which is 
measured on a test sample. The frequency was 250 Hz and the strength was 60 dB. 
The hammer is used on rough surfaces or where the contact with the probe is not 
tight. 
 
Figure 35 : Diagram of profi le measurement with a hammer  
 
Figures 36 and 37 show the Lipica Fiorito stone block No. 4413, which was 
measured by direct method and in 5 profiles. 
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Figure 36 , 37 : Images of the block No. 4413 before and after the cut 
with the marked profi le 1` -1` 
 
 
 
 
Figure 38: Profi le 1`-1` on block No. 4413 
 
In the profile 1`-1`, shown in Figure 38, the measured transition velocity was 6.41 
km/s. After the cutting, we found that the thickness of the fossil layers was 54 cm, 33 
cm and 135 cm. Midlayers with no fossils were 42 and 25 cm thick. There was no 
discontinuity in the profile which would affect the velocity of the wave transition. 5 
profiles were measured in length, where no major velocity drops were observed. A 
total of 7 profiles at a distance of 40 cm were measured in width. In profiles Nos. 6 
and 9, 11, 12, we measured a velocity drop of 6% from the maximum measured 
velocity (open crack 0.18 mm). On the block, a crack running in the diagonal direction 
was visible, but it closed in the middle. In profile No. 6, the next crack appeared, 
which was open by 0.2 mm (measured with a magnifying glass). The block was cut to 
a slab of 3 cm in thickness and did not open during the cutting itself. In terms of 
cracks, the block estimation was correct despite the average value of 6.22 km/s, as 
diagonal cracks cause major problems during cutting. 
1`
 
1`
 
1
 
2
 
5
 
3
 
4
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5.2.4. Measurements of the Lipica Unito stone block with a calcite-filled 
crack 
 
The Lipica Unito natural stone usually contains cracks filled with calcite. Cracks are 
extremely common and also very dangerous, as it is not possible to see with the 
naked eye whether they are open or not. The thickness of these cracks varies and 
ranges from a few tenths of a mm to 2 mm. The Lipica Unito stone block No. 2388 
measured 201.5 cm in length, 121.5 cm in width, and 159.5 cm in height. We made 5 
profiles in length and 6 profiles in width at a distance of 20 cm. Cracks were already 
indicated in the visual inspection, but only on one side.  
 
Figures 39, 40, 41 : Lipica Unito stone block No. 2388 from al l  sides 
before cutting 
 
The Lipica Unito stone block in Figures 39, 40 and 41 contained diagonal calcite 
veins running in the direction of 45°. The cracks seemed to be closed. The results of 
our measurements are presented in Figure 42. The maximum velocity measured on 
the 3`-3` profile was 6.61 km/s. The profile 3`-3` was clean, as the velocity is 
extremely fast for limestone. The structure of the material was uniform, there were no 
major fossil inclusions that would disturb or prolong the time of the passage of 
longitudinal waves to the receiver. The lowest velocity of longitudinal waves was 
measured on the  6`-6` profile, 5.71 km/s, and on the 7'-7 profile, 5.86 km/s. The 
profiles indicated that the crack was still present only it was closing. Due to these 
cracks, the block was cut into slabs of 3 cm in thickness.  
1
 
4
 
5
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2
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     6  7 8   9           10 11
  
Andrej KOS, doctoral dissertation 
Use of ultrasonic measurements in determining the quality of natural stone blocks - limestone 
 
51 
 
 
Figure 42 : Measurements of the Lipica Unito stone block No. 2388  
 
Figure 42 shows the data processing on the profile 11`-11`. After cutting, slabs were 
examined. The block was cut into slabs of 3 cm in thickness and there were no 
problems. The analysis of the measurements showed that the profiles 6`-6` and 7`-7` 
contained cracks; three successive cracks were present at a distance of about 15-25 
cm. The crack in profile No. 7 was opened, which was not evident on the surface of 
the block. The velocity in the profile 7`- 7` was reduced by 12% due to the open 
crack. The width of the mentioned crack was measured by magnifying glass and was 
0.5 mm as shown in Figure 43. 
  
Figure 43: Profile 3`-3` on the Lipica Unito stone block No. 2388 
 
 
  11        10         9          8            7        6 
3` 3` 
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5.2.5  Lipica Fiorito stone block inspection 
 
The Lipica Fiorito stone block No. 6815 (Figure 44) contained a crack in the direction 
of cutting the slabs. A total of 5 profiles in length and 4 profiles in width were made. It 
was assumed that, according to the previous classification, the block fell into 
Category III due to its length, due to the cracks in the middle, and the value of the 
block would be around 20% of the price of a first-class block. The weight of the block 
was 11 350 kg and the volume was 4.24 m3. The theoretical rate of the acquired 
slabs of the block is shown in Table 8. 
 
Figure 44: Lipica Fiori to stone block No. 6815 before cutting 
 
A visual inspection revealed a crack in the direction of cutting the slabs, which was 
also evident in the head of block No. 6815, as shown in Figure 44. Because of this 
crack, three slabs will have smaller dimensions than planned. The block was 
intended for being cut into slabs of 4 cm in thickness (Table 7). 
Table 7: Display of the theoretical  calculation of the extraction rate 
from the block  
Lipica 
Fiorito 
stone 
block 
Dimensions of the 
block 
LxWxH 
Volume 
[m
3
] 
Average 
wave 
velocity 
[km/s] 
Slabs 
No of slabs 
d=30mm 
Volume 
[m
3
] 
Area 
[m
2
] 
Loss by 
cutting  [m
3
] 
Extract. 
rate [%] 
6815 212x154x130 4.24 6.05 28 3.26 91.41 0.45 89.9 
 
An ultrasonic block scan was performed using the direct method with 9 profiles. The 
results of the scan are shown in Figure 45. Figure 45 also shows the diagram of 
profile No. 10. The differences in the measurement of the longitudinal wave transition 
were apparent due to the crack in the block. Maximum velocity was measured in 
profiles Nos. 1 and 2 and was 6.32 km/s. 
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Figure 45: Diagram of profi le No. 10 - Lipica Fiori to stone block 
 
After cutting the block into slabs of 4 cm in thickness, 26 plates were acquired and 
not 28 as planned. The losses were calculated at 0.5 cm due to the cutting element 
and the side slabs, which were not of accurate thicknesses. The block extraction rate 
was 80.07% of the total volume, as shown in Table 8. 
 
Table 8: Display of real  extraction rate from the block  
 
Lipica 
Fiorito 
stone 
block 
Dimensions of the 
block 
LxWxH 
Volume 
 [m
3
] 
Average 
wave 
velocity 
[km/s] 
Slabs 
No of slabs 
d=30mm 
Volume 
 [m
3
] 
Area 
[m
2
] 
Loss by 
cutting  [m
3
] 
Extract. 
rate [%] 
6815 212x154x130 4.24 6.05 26 3.26 84.88 0.71 80.07 
 
Profiles 1-1´, 2-2´ and 3-3´ showed no discontinuities, as shown in Figure 47. Only 
small holes already present in the fossils were visible. As holes are smaller, there 
was no substantial differences in the velocity.  
Profile 4-4´ had a crack, which was already visible on the surface (Figure 44), so the 
velocity was lower than in previous profiles and the time of longitudinal wave 
transition was higher. 
Profile 5-5` had the same velocity as the profiles 1-1', 2-2' and 3-3'. The crack, visible 
in Figure 46, ended before the observed profile. 
The block with the average velocity of 6.05 km/s could also be cut into slabs of 3 cm 
in thickness. Lower thickness would be dangerous due to the presence of cracks, as 
they could cause the rapture of certain slabs. 
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Figures 46, 47: Display of cut slabs with measured profi les.  
 
5.3. Tomography on a Repen stone element  
 
The program analyses the velocities of the measured profiles based on the used 
algorithms. It can also display them graphically as a velocity map reconstructed in 
two dimensions, on which the velocity gradients are bound to a certain color, based 
on which it is easy to determine the anomalies in the material and thereby interpret 
the data. 
Tomo Tool - guided selection warns the user of any failed processing or loss of 
resolution accuracy. 
We used tomography on the Repen stone in the dimension of 55 x 18 x 15 cm. The 
profile was made in the middle with 6 measurement points. Data were collected by 
direct method. Data collection took place from point to point, as shown in Figure 48. 
 
Figure 48: Sample col lection pattern in the profile of Repen stone  
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Data processing captures the coordinates of the transmitter and receiver in the 
profile. It is necessary to process the coordinates (Txi ; Tyi); (Rxi ; Ryi); arrival time in 
ms. In this case, the sample collection was at 10 cm. The shorter the distance, the 
more accurate the resolution of the profile display. The sample is shown in Figure 48. 
  
Figure 49: Measured piece of Repen stone, dimension 55 x 18 x15 cm  
Before the measurement, instrument calibration was performed. It is extremely 
important to precisely determine the lengths between individual points. The data was 
processed with the DataSonic program on 37 measured points. The average velocity 
obtained was 5.62 km/s, the average measurement time between points 52 µs. It 
was visible already on the surface, as the corner was damaged with an open crack of 
0.2 mm thickness. The result of calculation is shown in Figure 50. The problematic 
parts of the stone are marked in black. Various shades of other colors are not critical; 
they show deviations due to the structure of the material. 
 
 
Figure 50: Tomographic profi le on the Repen stone  
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The element was then cut in half whereby we obtained an insight into the interior 
(Figure 51). Black-colored areas are marked as critical. The upper left edge shows an 
open crack. In the lower part, there is a fossil with a small hole. When checking the 
measurement at the point where the shell is located, the velocity above 5.99 km/s 
was measured, which does not indicate serious injury. Given the profile is extremely 
colorful, we suppose this is due to the content of fossils, as they contain calcite fill 
and have different sizes. Velocities on the measured profiles are above 5.00 km/s, 
which means the problem is in the structure. Velocities of less than 4.00 km/s 
represent critical cracks, which can be open, or the presence of holes. 
 
 
Figure 51: Repen stone cut open  
 
 
5.4  Tomography on a stone element from Lipica Unito stone 
 
For each sample, a profile and tomography geometry must be determined according 
to the condition of the block. Each block contains a different structure and direction of 
discontinuities, which means that for each block a specific geometry must be created, 
but with no less than four points for an overview of compactness.  
In case we need an overview of the entire profile for the needs of the tomogram 
creation, the selection of geometry, number of cells, their size and allocation is 
needed. This can be challenging to determine, as the activity of the allocation 
coefficient (inverse algorithm) of the linear system may cause tomography problems 
in the Equations that are directly connected to this selection, and we must consider 
the number of measurements that can be performed or that we are prepared to 
perform. 
The program requires the user to enter the desired resolution and function of the 
presumable defect according to the typology of the considered structure element. 
Depending on the resolution value, the algorithm suggests the setting of the sources 
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transmitters and receivers, with which we can reach the desired resolution, and 
creates instructions for the performance of measurements and data collection. 
If the profile geometry is very unfavourable, e.g. in very long profiles where only the 
short sides are accessible, it can happen that the linear system becomes insolvable, 
as it is impossible to set the transmitters and receivers in such a way that more 
measurements can be performed than there are cells. 
The program analyses the velocity in the measured profile on the basis of the used 
algorithms. It can also show them graphically as a velocity map reconstructed in two 
dimensions, where the velocity gradients are connected with a certain colour, on the 
basis of which it is easy to determine anomalies in thematerial and thus interpret 
data. 
Example of a tomogram on the Lipica Unito stone block: The tomographic 
overview was performed on a piece of Lipica Unito stone with the dimensions of 1550 
x 1670 x 1390 mm. The profiles A-A` and B-B` were produced through the block 
centre in a cross system. The distance between the points was 10 cm, which is the 
minimum distance for a qualitative profile measurement and creation of a tomogram. 
Figure 52 shows the measurement paths that were used to calculate the profile 
tomogram. The measurements were performed according to the direct method. A 
total of 169 measurements were made. 
 
Figure 52: Display of a sample col lection on the profile of the Lipica 
Unito stone No. 2862 
 
Data processing includes coordinates of the transmitter and receiver in the profile. 
Coordinates (Txi ; Tyi); (Rxi ; Ryi); arrival time in ms must be processed. The step for sample 
collection was 10 cm in this case; the shorter the step, the more accurate the resolution of 
the profile display. At steps from 10 cm to 50 cm, the program does not calculate the profile 
tomography. 
Before measurement, an instrument calibration was performed. It is of extreme 
importance to accurately define the lengths between individual points. Data 
z - axis 
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processing according to the program DataSonic on 169 measured points showed an 
average velocity of 5.62 km/s and an average time of the measurement between 
points of 52 µs. Visually, one could see that a corner with an open crack of 0.2 mm 
wide was damaged. The results of the calculation are shown on the profile in Figure 
53. The problematic sections of the rock are marked in black. Different shades of 
other colours are not critical, and they show deviations due to material structure. 
 
Figures 53, 54: Tomographic profi le on the Lipica Unito stone block No. 
2862. 
 
 
Figures 55, 56: Inspection of slabs after cutting 
 
Block No. 2862 was cut into slabs of 3 cm in thickness. According to the average 
velocity of the measured profiles of 6.12 km/s and the classification, it was assigned 
for the production of slabs of 2 or 3 cm. Figures 53 and 54 show a black field where 
velocities under 5.20 km/s were measured. Figures 55 and 56 show that on the upper 
right side, there is an open discontinuity that continues 65 cm towards the block 
centre, where it ends. The discontinuity does not travel to the other side of the block, 
thus there is no danger of opening during cutting. The other colours show changes in 
the material structure. The block has different structures, for example a change in 
graininess that minimally affects the velocity of waves. Velocities higher than 8.00 
km/s also appear, but that is an error in element measurements. Figures 55 and 56 
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are connected to the tomogram in Figures 53 and 54 in the other direction on the 
underside, where the cavity is located 65 cm away from the left edge, but which 
begins to close at 70 cm and does not pose a risk of opening during cutting. 
 
 
5.5. Tomography on Kopriva stone blocks No. 1 and 2 
 
Example of a tomogram on the Kopriva stone block No.1: The tomographic overview 
was performed on the first piece of Kopriva limestone with the dimensions of 100 x 
93 x 45 cm. The profile A-A` was produced through the block centre. The distance 
between points was 10 cm. Figure 57 shows the measurement paths that were used 
to calculate the tomography profile. The measurements were performed according to 
the direct method. In total, 100 measurements were performed. 
 
Figure 57: Display of a sample col lection on the profile of the Kopriva 
stone block 1.  
Data processing includes coordinates of the transmitter and receiver on the profile. 
Coordinates (Txi ; Tyi); (Rxi ; Ryi); arrival time in ms must be processed. Data 
processing at 100 measured points showed an average velocity of 6.03 km/s and an 
average time of the measurement between points of 138 µs. Visually, one could see 
that a corner was damaged with an open crack of 0.2 mm in width (Figure 58). The 
results of the calculation are shown on the profile in Figure 59. The problematic 
sections of the rock are marked in black. Different shades of other colours are not 
critical, and they show deviations due to material structure. In Table 10, predicted 
results in excellent/ideal compactness are shown. 
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Table 9: Predicted results in excel lent/ideal compactness  
Kopriva  
stone 
block 
Blok 
dimensions 
LxWxH 
Volume 
[m
3
] 
Average 
wave 
velocity 
[km/s] 
Slabs 
Number 
d=30mm 
Volume 
[m
3
] 
Area 
[m
2
] 
Loss by 
cutting  
[m
3
] 
Extract. 
rate [%] 
01 100x93x45 0.42 6.03 26 0.35 11.70 0.06 83.57 
02 140x45x58 0.37 5.99 15 0.28 9.45 0.05 76.49 
 
 
Figure 58: Open crack in Kopriva stone block marked in red 
 
 
Figure 59: The colours show structural changes via velocity in the Kopriva 
stone block 
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The block was cut into slabs of 3 cm in thickness. With the average velocity on the 
measured profiles of 6.03 km/s, and according to the classification, the block was 
assigned to be cut into slabs of 2 or 3 cm. Figure 59 shows a black field where 
velocities under 3.84 km/s were measured. Tomogram shows the path of the crack 
along the diagonal, as is also shown in the actual state in Figure 58.  
The whole block has a volume of 0.35 m3. After the cutting, we obtained 21 slabs, 
with the total amount of being 0.25 m3. The cutting loss was around 5% of block 
volume. The percentage of usable slabs that were shorter than 45 cm was 25%. The 
surface area of all slabs was 9.25 m2, and 6.58 m2 of usable slabs. The crack in the 
middle decreased the value of the product by 30%. If the loss had exceeded 30%, its 
processing would not be of economic value. 
The Kopriva stone No.2  was very clean on the surface. The profile 1-1` was 
produced through the block centre. The distance between the points was 10 cm. The 
measurements were performed according to the direct method. In total, 169 
measurements were performed. The block was cut into slabs of 3 cm in thickness. 
Black lines in Figure 60 show the direction of cutting. The measurement grid is shown 
in Figure 61. In Table 9, predicted results in excellent/ideal compactness are shown. 
On the surface of the block, there were no defects or traces of any other 
discontinuities. Figure 61 shows the tomography trace of the measured stone block. 
After the cutting and checking of the slabs, a smaller crack was found, which was 
also seen on tomography profile. It is marked in red in Figure 63.  
 
Figures 60, 61:  Kopriva stone block No. 2 and tomography traces  
 
Figure 62 shows tomography results. Red line marks a smaller crack shown in 
Figure 63. The average velocity on the profile 1-1 was 5.99 km/s, which is a very 
good velocity for this kind of limestone. The length of the slabs was 1.4 m and their 
width 0.45 m. Predicted and real extraction rate is shown in Table 10. 
 
1` 1` 
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Figures 62, 63: Tomography profi le of Kopriva stone block No. 2. 
Profi le 1`-1` on the slab with discontinui ty marked in red  
 
After the ultrasonic measurement and cutting the block, we compared the measured 
results with the actual state of the slabs (Table 10). The results confirmed the 
conditions of blocks No. 1 and No. 2. As shown in Table 10, the extraction rate for the 
blocks was higher on block No. 2 even though it had a lower average velocity. Block 
No. 2 had a small crack in its interior, but it was not dangerous for further processing. 
The use of such slabs is only possible for interior design.  
Table 10: Display of the actual  extraction rate 
 
Kopriva 
stone 
block 
Dimensions 
LxWxH 
Volume 
[m
3
] 
Average 
velocity 
[km/s] 
Slabs 
Number 
d=30mm 
Volume  
[m
3
] 
Surface 
area [m
2
] 
Loss by 
cutting 
[m
3
] 
Extract. 
rate [%] 
01 100x93x45 0.42 6.03 21 0.28 9.45 0.06 67.38 
02 140x45x58 0.37 5.99 14 0.27 8.82 0.05 71.62 
 
1` 1` 
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Figure 64: Tomography and slabs cutting profiles on a Kopriva stone 
block 
The longer the slabs, the higher their price. According to economic standards, slabs 
with discontinuities have a lower price, and the size of the slab is measured from its 
beginning to the defect. Figure 64 shows the direction of the tomography profile and 
the direction of cutting slabs.  
 
6. Analysis of the results of ultrasonic measurements 
 
Measurements of ultrasonic transitions on stone blocks were carried out prior to the 
cutting on gangsaw. Measurements were made between the years of 2013 and 
2016. About 200 measurements of blocks were made, which means approximately 7 
profiles per block, which amounts to approximately 2800 measured profiles.   
I adjusted the profiles to the shape of the stones and determined them after a visual 
inspection. Since the beginning of the measurements, the quality of the cutting had 
improved. All stone blocks survived the cutting, and we thus recorded no production 
loss due to breakage of the block during cutting. 
The defects we measured on the profiles were detected by the passage of 
longitudinal waves, whereby the defect was detected by velocity drop. In these 
measurements we also obtained the maximum values on the profiles, which I then 
statistically processed and found the max. velocity for each stone type:  
 Lipica Unito stone 6.53 km/s ±0.3 
 Lipica Fiorito stone 6.35 km/s ±0.25 
 Repen stone 6.45 km/s ±0.3 
 Kopriva stone 6.42 km/s ±0.3 
Characteristic velocity drops: 
- an aperture greater than 2 mm without contact: the sound does not reach the 
receiver  
- 0.1-2 mm aperture with contact: velocity drops by 20% or 1.5 km/s 
- apertures filled with soil, smaller apertures: velocity drops by 10% or 0.5 km/s 
- calcite filled cracks with thickness of up to 1 mm: velocity drops by 5% or 0.3 km/s 
If there is only one short, dry crack in the block, the wave transition will not detect it. If 
there are more than 5 cracks in the profile, the transition of ultrasonic waves will 
detect them, as the wave velocity drops by 50%. A block with 7 dry cracks in the 
length of 0.2 - 0.5 m, will show a drop in the velocity of the waves to 2.95 km/s. 
Maximum velocity measured on the profiles was 3.5 km/s, which proved the block 
was suitable for being cut into slabs of 4 cm in thickness. If the blocks were cut into 
slabs of 3 cm, the risk would increase. The block would not survive the cutting into 
slabs of 2 cm.  
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We often see a case such as the one of Lipica Fiorito stone block No. 2507. We 
visually confirmed an open crack in the diagonal direction, which was reconfirmed 
with ultrasonic measurements. The average longitudinal velocity was 5.38 km/s. After 
cutting the block into slabs of 3 cm in thickness, we lost only 9 slabs out of 40. With 
increasing the thickness of the 2.5 m x 1.3 m slab, the weight of the slab increases by 
91 kg, which means that the average longitudinal velocity for a greater thickness can 
be smaller. Figure 65 shows the condition of the block prior to cutting and a cut slab 
from the middle of the block. 
 
 
 
Figure 65: Measurement prior to cutt ing and inspection of  slabs.  
 
Table 11 shows the results from ultrasonic examinations in 2013 on 19 samples of 
natural stone. We found that the average velocity of the ultrasonic wave transition in 
the Lipica Fiorito stone was 5.60 km/s, the maximum velocity was 6.44 km/s. In the 
Lipica Unito stone we measured the average velocity of 5.90 km/s and maximum 
velocity 6.45 km/s. Repen stone had an average velocity of 6.11 km/s and maximum 
velocity 6.60 km/s. All measured types endured the cutting on the gangsaw and did 
not open. 
Table 11: Results of previous research on blocks of natural stone until 2013 
 
Block Date Type Block dimensions 
  
Measured profiles 
  
  
Max. 
km/s 
      Length 
(cm) 
Width 
(cm) 
High 
(cm) 
Length 
(km/s) 
Width 
(km/s) 
Average   
1 18.10. 
2013 
Fiorito 
stone 
285 141 103 2.61 3.50 3.08  
2 24.10. 
2013 
Fiorito  
stone 
300 114 100 6.25 5.90 6.07  
3 25.10. 
2013 
Fiorito 
stone 
259 175 160 5.89 6.28 6.09  
4 22.11. 
2013 
Fiorito 
stone 
210 90   6.2 6.27 6.44 
5 22.11. 
2013 
Fiorito 
stone 
259     6.22 6.3 
Andrej KOS, doctoral dissertation 
Use of ultrasonic measurements in determining the quality of natural stone blocks - limestone 
 
65 
 
6 26.11. 
2013 
Fiorito 
stone 
260 112 152 6.21 4.55 5.38 6.37 
7 28.11. 
2013 
Fiorito 
stone 
262 139 158 5.92 4.33 5.12 6.17 
8 28.11. 
2013 
Fiorito 
stone 
277 122 107 6.25 5.23 5.74 6.4 
9   Fiorito 
stone 
313   5.99  5.99 5.99 
10 15.11. 
2013 
Fiorito 
stone 
303 157 112 6.13 6.05 6.09 6.22 
11 21.10. 
2013 
Unito 
stone 
236 98 144 6.11 6.05 5.42 6.12 
12 21.10. 
2013 
Unito 
stone 
122 150 90 6.18 5.94 6.06 6.2 
13 25.10. 
2013 
Unito 
stone 
142 138 100 6.14 6.20 6.17 6.17 
14 28.11. 
2013 
Unito 
stone 
262 118 107 5.7 6.22 5.96 6.45 
15 20.10. 
2013 
Repen 
stone 
172 173 129 5.99 5.95 5.97 6.08 
16 23.10.2013 Repen 
stone 
308/240 141 100 6.11 5.16 5.63 6.6 
17 24.10. 
2013 
Repen 
stone 
175 110 111 7.31 6.22 6.76 7.5 
18 24.10. 
2013 
Repen 
stone 
315 128 79 6.05 6.08 6.06 6.07 
19 21.11. 
2013 
Repen 
stone 
200 148 87 6.14 6.16 6.15 6.22 
 
In terms of the choice of the procedure that would be better for block estimation - 
they are both good. The timing of the measurements is faster with the hammer and 
according to the older procedures, the impact / sound is transmitted across the block, 
and the first arrival of the wave to the receiver is also measured. Another advantage 
is that the hammer does not need a lubricant for a good contact, so the possibility of 
errors in measurement is reduced by half.  
 
6.1.  Evaluation of blocks and slabs 
 
Evaluation of blocks and slabs requires a lot of practical knowledge and ingenuity. 
The current classification takes in account only the size of the blocks, also called the 
economic dimensions of the blocks. Maximum dimensions depends on the transport 
machines (max 28 tonnes) and processing machines (3.25 x 1.74 m). 
The old classification is shown in Table 12. It is based only on the length of the block 
and the orientation of layers. The orientation of layers is of extreme importance as it 
also dictates the price. If the layer was perpendicular to the max length of the block, 
the category of the block was chosen by its height and not the max length. 
Occasionally, the dimensions were also reduced by discontinuities as net dimensions 
were taken into account. The price was deducted from the category of the selected 
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block and, depending on the number of discontinuities, could drop to max 50%. 
Today, blocks can be categorised by its dimensions, weight and velocity of ultrasonic 
waves. 
Table 12: Old classi fication of natural  stone blocks  
 
Class Block length (m) 
I over 3.00 
II 2.99 - 2.51 
III 2.50 – 2.01 
IV 2.00 – 1.51 
V under 1.50 
 
Table 13 shows the amount of m2 slabs acquired from 1 m3 of natural stone block 
using various thickness. The last column shows the number of slabs obtained from 
our processing technology.  
Table 13: Amount of m2 slabs acquired from 1 m3 of natural  stone block 
using di fferent thicknesses and numbers of cutting elements needed  
 
Slab 
thickness 
(cm) 
Slabs area 
 m2 
Number of cutting 
elements 
1,6 45 40 
2 38 40 
3 25 38 
4 20 30 
5 16 25 
6 14 21 
 
Today the amount of slabs we can acquire from 1 m3 of block is of extreme 
importance. The acquisition rate plays a major role in the processing time and 
economic success of the project. Ideally, the amount of slabs acquired should be as 
follows: 38 m2 for slabs of 2 cm in thickness and 25 m2 for slabs of 3 cm in thickness. 
With each thickness, the efficiency is reduced by about 25%.  
The estimation of plates produced differs from the gross plate size, as the buyer is 
always looking for a net plate measure or the most pure part of the surface. This 
means that the gross slab size is reduced by a certain area. If the slab is of the right 
shape and without discontinuities, its surface is reduced by approximately 5%. In 
case of present discontinuities, a regular rectangle is always sought, and this can 
reduce the surface by up to 50%.  
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6.1.1. Analysis of the obtained data 
 
Table 14 shows the dimensions of stone blocks, the thickness of the manufactured 
slabs, the results of the ultrasonic measurements made in 2018, and also 
summarizes the data from gross and net dimensions of the blocks on the basis of 
which the extraction rate of slabs was calculated. The data were used in statistical 
analysis, for the preparation of a correlation curve, on the basis of which we will 
prove the qualitative classes with respect to the average block velocity and net 
recovery of the plates.  
Table 14: Presentation of measurements on blocks of natural stone with data 
processing 
Block No 
Dimensions 
blocka (cm) Volume 
Average 
velocity  
Dimensions 
slabs (cm) 
No. 
slabs 
Slabs 
area 
 
Thick. 
slabs 
Vol. 
slabs 
Losses 
per cut 
Extraction 
rate  
 L W H (m
3
) (km/s)  L H  (m
2
) cm (m
3
) (m
3
) (%)  
01 100 93 45 0.42 6.03 Max. 100 45 26 11.70  0.35 0.06 83.87  
Kopriva     6.03 Real 100 45 21 9.45 3.00 0.28 0.06 67.74 80.77 
02 140 45 58 0.37 5.99 Max. 140 45 16 10.08  0.30 0.05 82.76  
Kopriva     5.99 Real 140 45 14 8.82 3.00 0.26 0.05 72.41 87.50 
03 300 100 114 3.42 6.07 Max. 300 114 36 123.12  2.46 0.62 72.00  
Fiorito     6.07 Real 290 105 35 106.58 2.00 2.13 0.62 62.32 86.56 
04 259 160 175 7.25 6.09 Max. 259 175 50 226.63  6.80 1.13 93.75  
Fiorito     6.09 Real 250 170 40 170.00 3.00 5.10 1.13 70.33 75.01 
05 210 100 90 1.89 6.27 Max. 210 90 36 68.04  1.36 0.34 72.00  
Fiorito     6.27 Real 200 80 34 54.40 2.00 1.09 0.34 57.57 79.95 
06 259 80 95 1.97 6.22 Max. 259 95 38 93.50  1.87 0.47 95.00  
Fiorito     6.22 Real 245 90 36 79.38 2.00 1.59 0.47 80.65 84.90 
07 260 152 112 4.43 5.38 Max. 260 112 34 99.01  3.96 0.50 89.47  
Fiorito     5.38 Real 230 90 28 57.96 4.00 2.32 0.50 52.38 58.54 
08 262 139 158 5.75 5.12 Max. 262 158 28 115.91  4.64 0.58 80.58  
Fiorito     5.12 Real 250 140 25 87.50 4.00 3.50 0.58 60.83 75.49 
09 277 122 107 3.62 5.74 Max. 277 107 34 100.77  3.02 0.50 83.61  
Fiorito     5.74 Real 255 95 32 77.52 3.00 2.33 0.50 64.31 76.93 
10 313 80 100 2.50 5.99 Max. 313 100 22 68.86  2.07 0.34 82.50  
Fiorito     5.99 Real 300 80 22 52.80 3.00 1.58 0.34 63.26 76.68 
11 303 112 157 5.33 6.09 Max. 303 157 44 209.31  4.19 1.05 78.57  
Fiorito     6.09 Real 270 145 40 156.60 2.00 3.13 1.05 58.78 74.82 
12 242 122 135 3.99 3.85 Max. 242 135 24 78.41  3.92 0.39 98.36  
Fiorito     3.85 Real 215 110 22 52.03 5.00 2.60 0.39 65.27 66.36 
13 245 145 151 5.36 4.02 Max. 245 151 26 96.19  4.81 0.48 89.66  
Fiorito     4.02 Real 220 125 24 66.00 5.00 3.30 0.48 61.52 68.62 
14 299 102 140 4.27 3.87 Max. 299 140 18 75.35  3.77 0.38 88.24  
Fiorito     3.87 Real 240 110 16 42.24 5.00 2.11 0.38 49.46 56.06 
15 214 124 150 3.98 3.91 Max. 214 150 22 70.62  3.53 0.35 88.71  
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Fiorito     3.91 Real 180 130 22 51.48 5.00 2.57 0.35 64.67 72.90 
16 296 84 156 3.88 3.67 Max. 296 156 15 69.26  3.46 0.35 89.29  
Fiorito     3.67 Real 225 145 14 45.68 5.00 2.28 0.35 58.88 65.94 
17 300 133 154 6.14 3.40 Max. 300 154 23 106.26  5.31 0.53 86.47  
Fiorito     3.40 Real 210 125 20 52.50 5.00 2.63 0.53 42.72 49.41 
18 300 118 142 5.03 3.74 Max. 300 142 21 89.46  4.47 0.45 88.98  
Fiorito     3.74 Real 220 120 19 50.16 5.00 2.51 0.45 49.89 56.07 
19 262 133 143 4.98 3.58 Max. 262 143 24 89.92  4.50 0.45 90.23  
Fiorito     3.58 Real 220 110 24 58.08 5.00 2.90 0.45 58.28 64.59 
20 280 137 120 4.60 3.52 Max. 280 120 28 94.08  3.76 0.47 81.75  
Fiorito     3.52 Real 235 100 28 65.80 4.00 2.63 0.47 57.18 69.94 
21 212 154 130 4.24 6.05 Max. 212 130 28 77.17  3.09 0.39 72.73  
Fiorito     6.05 Real 205 125 26 66.63 4.00 2.67 0.39 62.79 86.34 
22 225 105 140 3.31 6.30 Max. 225 140 22 69.30  2.77 0.35 83.81  
Fiorito     6.30 Real 225 140 20 63.00 4.00 2.52 0.35 76.19 90.91 
23 299 134 164.5 6.59 4.95 Max. 299 164.5 28 137.72  5.51 0.69 83.58  
Fiorito     4.95 Real 285 150 28 119.70 4.00 4.79 0.69 72.65 86.92 
24 240 90 162 3.50 5.29 Max. 240 162 28 108.86  4.35 0.54 124.44  
Fiorito     5.29 Real 225 150 28 94.50 4.00 3.78 0.54 108.02 86.81 
25 355 45 50 0.80 5.89 Max. 355 50 12 21.30  0.64 0.11 80.00  
Kopriva     5.89 Real 340 45 12 18.36 3.00 0.55 0.11 68.96 86.20 
26 204 114 110 2.56 6.33 Max. 204 110 40 89.76  1.80 0.45 70.18  
Unito     6.33 Real 195 105 40 81.90 2.00 1.64 0.45 64.03 91.24 
27 230 161 135 5.00 4.74 Max. 230 135 35 108.68  4.35 0.54 86.96  
Unito     4.74 Real 180 100 35 63.00 4.00 2.52 0.54 50.41 57.97 
28 244 130 157 4.98 6.35 Max. 244 157 50 191.54  3.83 0.96 76.92  
Repen     6.35 Real 235 150 49 172.73 2.00 3.45 0.96 69.37 90.18 
29 215 154 157 5.20 6.02 Max. 215 154 28 92.71 4.00 3.71 0.46 71.34  
Fiorito     6.02 Real 205 155 26 82.62  3.30 0.46 63.57 89.11 
30 243 126 140 4.29 6.53 Max. 243 125 28 85.05 4.00 3.40 0.43 79.37  
Fiorito     6.53 Real 210 113 28 66.44  2.66 0.43 62.00 78.12 
31 299 134 164.5 6.59 4.95 Max. 299 134 28 112.18 4.00 4.49 0.56 68.08  
Fiorito     4.95 Real 290 1.2 28 89.00  3.56 0.51 54.01 79.34 
32 236 98 144 3.33 6.09 Max. 236 98 56 129.51 2.00 2.59 0.65 77.77  
 Unito     6.09 Real 230 90 56 115.92  2.32 0.66 69.61 89.51 
33 188 129 106 2.57 5.61 Max. 188 129 29 72.76 3.00 2.18 0.36 84.91  
Unito     5.61 Real 175 115 29 60.38  1.81 0.36 70.46 82.99 
34 285 103 141 4.14 3.08 Max. 285 103 25 73.39 5.00 3.67 0.37 88.65  
Fiorito     3.08 Real 260 80 24 49.92  2.50 0.37 60.30 68.02 
35 250 149 161 6.00 5.03 Max. 250 149 35 130.38 4.00 5.22 0.65 86.96  
Fiorito     5.03 Real 240 140 34 117.60  4.70 0.65 78.44 90.20 
36 213 120 150 3.83 6.17 Max. 213 120 28 71.57 4.00 2.86 0.36 74.67  
Fiorito     6.17 Real 200 105 28 58.80  2.35 0.36 61.35 82.16 
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37 250 154 161 6.20 6.51 Max. 250 154 34 130.90 4.00 5.24 0.65 84.47  
Fiorito     6.51 Real 240 140 34 114.24  4.57 0.65 73.72 87.27 
38 212 167 157 5.56 5.20 Max. 212 167 34 120.37 4.00 4.81 0.60 86.62  
Fiorito     5.20 Real 200 145 34 98.60  3.94 0.60 70.96 81.91 
39 246 158 160 6.22 6.19 Max. 246 158 34 132.15 4.00 5.29 0.66 85.00  
Fiorito     6.19 Real 230 150 34 117.30  4.69 0.66 75.45 88.76 
40 253 158 152 6.08 5.96 Max. 253 158 32 127.92 4.00 5.12 0.64 84.21  
Fiorito     5.96 Real 240 145 32 111.36  4.45 0.64 73.31 87.06 
41 236 147 136 4.72 6.00 Max. 236 147 28 97.14 4.00 3.89 0.49 82.35  
Fiorito     6.00 Real 230 120 27 74.52  2.98 0.64 63.18 76.72 
42 258 160 136 5.61 6.35 Max. 258 160 28 115.58 4.00 4.62 0.58 82.35  
Fiorito     6.35 Real 249 130 28 90.64  3.63 0.64 64.58 78.42 
43 211 145 154 4.71 6.27 Max. 211 145 34 104.02 4.00 4.16 0.52 88.31  
Fiorito     6.27 Real 200 140 33 92.40  3.70 0.52 78.44 88.83 
44 236 156 152 5.60 6.29 Maximum 236 156 28 103.08 4.00 4.12 0.52 73.68  
Fiorito     6.29 Real 200 140 28 78.40  3.14 0.52 56.04 76.05 
45 248 125 143 4.43 6.53 Maximum 248 125 40 124.00 2.00 2.48 0.62 55.94  
Unito     6.53 Real 225 115 40 103.50  2.07 0.62 46.70 83.47 
46 240 132 111 3.52 6.46 Maximum 240 132 40 126.72 2.00 2.53 0.63 72.07  
Unito     6.46 Real 225 125 40 112.50  2.25 0.63 63.98 88.78 
.  
 
6.2.1.1 Correlation analysis and correlation curve 
 
The data obtained from Table 14 had to be processed and prepared to calculate a 
correlation curve.  
In the correlation analysis, we estimated the correlation coefficient of the sample, 
more precisely the correlation coefficient of the moment after Pearson, or the 
Pearson coefficient of correlation, which is the most commonly used measure of the 
linear connection of two numeric variables. It assumes the use of an interval type of 
both analysed variables and a linear connection between them.  
 
The sample of the correlation coefficient, which is represented by r, is between -1 
and +1 and expresses the direction and intensity of the linear connection between 
the two variables. The correlation between two variables can be positive (this means 
that higher levels of one variable are associated with higher levels of another) or 
negative (i.e. higher levels of one variable are associated with lower levels of the 
other). 
The correlation coefficient sign indicates the direction of integration. The extent of the 
correlation coefficient indicates the power of the merger. For example, the correlation 
r = 0.9 shows a strong positive connection between two variables, while the 
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correlation r = -0.2 indicates a weak, negative connection. A correlation near zero 
shows no linear connection between two continuous variables. 
It is important to note that there may be a non-linear connection between two 
continuous variables, but this calculation of the correlation coefficient was not 
detected. Therefore, it is always important to accurately evaluate the data before 
calculating the correlation coefficient. Graphic representations are particularly useful 
for exploring connections between variables. 
 
The data are shown in a scattergram (Figure 66); each point represents a pair (x, y) 
where one constant variable is arranged along the X-axis and the other one along the 
Y-axis. In our case, the X-axis shows the average longitudinal velocity and the Y-axis 
shows the extraction rate of slabs in %.  
 
The formula for the coefficient of correlation of the sample is 
 
                    𝑟 =
𝐶𝑜𝑣(𝑥,𝑦)
√𝑠𝑥
2×𝑠𝑦
2
                            [14] 
where Cov (x, y) is covariance x and y, defined as 
       𝐶𝑜𝑣(𝑥, 𝑦) =
∑(𝑋−𝑋)(𝑌−𝑌)
𝑛−1
                          [15] 
𝑠𝑥
2 and  𝑠𝑦
2 are sample differences x and y, defined as 
       𝑠𝑥
2 =
∑(𝑋−𝑋)
2
𝑛−1
                 and                𝑠𝑦
2 =
∑(𝑌−𝑦)2
𝑛−1
       [16] 
Changes in x and y measure the variation of x points and y points relative to the 
corresponding sample means (X and Y, discussed separately). Covariance measures 
the variability of the pairs (x, y) around the mean x and the mean y, which is treated 
at the same time. 
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Figure 66: Correlat ion curve 
 
The curve in Figure 66 shows that on the basis of the data of the measurements, we 
can arrive at the conclusion that the extraction rate of slabs decreases with lower 
average velocity of the longitudinal waves. This confirms our hypothesis that a block 
with lower average velocity contains several different discontinuities that reduce the 
quality of the material or that its material is not suitable for slabs of lower thickness. 
Stone blocks with lower average velocities are very risky in processing to smaller 
thickness, as they are not compact enough, and the extraction rate of plates is lower. 
The analysis of the data from Table 14 was the basis for the statistical analysis of the 
mathematical function in Figure 66. By reducing the average longitudinal velocity, the 
extraction rate of the slabs from the stone block is also decreased, which was also 
shown by the analysis.  
The correlation Equation that gives us the result of our research is the following: 
                  y = - 0.08 x2 + 8.6962 x + 33.458              [18] 
The correlation coefficient is 
R2=0.9989                [19] 
 
The correlation coefficient in Equation 19 indicates a strong positive relationship 
between the two variables. 
y = -0.08x2 + 8.6962x + 33.458 
R² = 0.9989 
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The statistical analysis of the mathematical function in Equation 18 is useful for 
determining the compactness of stone blocks and determining the thickness of the 
slabs for the stone block to obtain the highest possible extraction rate of slabs. 
6.2.1.2. Summary of the results obtained 
 
In sedimentary rocks, the passage of longitudinal ultrasonic waves is proven to be 
between 5.90 to 6.10 km/s, which is also shown in Table 1, if it is a compact material. 
The research on blocks of natural stone – limestone – was made on about 150 cases 
of blocks of natural stone limestone. The velocity of the longitudinal waves was 
higher, measured up to 6.80 km/s. Measurements were made on different types of 
natural stone: Lipica Unito stone, Lipica Fiorito stone, Repen stone and Kopriva 
stone. 
Due to their structure and texture, blocks of natural stone contained various sizes of 
fossil remains trapped in the so-called carbonate mud. Similarly, the stone blocks 
contained abnormalities in the form of discontinuities (cracks, calcite veins) that affect 
the extraction rate of blocks and the block shape. The rupture and damage of the 
deposit is transferred to smaller units - blocks. Consequently, we can assert that not 
one block from the site is identical to another. 
Measurements provided the basis for the creation of a new classification of natural 
stone blocks. First, we used a grid covering 40 x 40 cm, the dimension of the 
smallest slabs. Then we changed the grid to smaller dimensions, which gave us a 
quality display of the interior of the stone block; namely 5 measurements in length 
and a minimum of five measurements in width is sufficient for the assessment of 
compactness. The classification was based on the average longitudinal velocity. 
Problem of block categorisation due to measured discontinuities is described in 
details in section 4.6.  
Stone blocks were cut into slabs of different thicknesses. The experience with 
ultrasonic measurements helped us avoid damage to the block during the 
processing.  
Past experiences and ultrasonic measurements have helped us to produce slabs of 
1.60 cm in thickness that require an extremely healthy block. It means that for such a 
thickness, the block must not contain any hidden discontinuities, which means it must 
have the highest possible mean value. From 1 m3 of healthy block we can acquire 
approximately 40 m2 of slabs of 1.60 cm in thickness. In economic terms, it means a 
20% higher price per m3 of block, which was our starting point.  
The thicknesses of the cut slabs varies, as does the quality of natural stone needed 
for every thickness. Increasing the thickness of the panel also means less m2 slabs 
from m3 of natural stone block. Nevertheless, for slabs of higher thickness, we can 
use blocks of lower quality with an average velocity of less than 6.00 km/s. The 
higher the thickness, the more risk is involved in cutting the blocks, as this reduces 
the number of the cutting elements. The slab is heavier and, its own weight makes it 
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easier for it to withstand the load during sawing. This is not true for blocks with 
transverse discontinuities as such discontinuities increase the risk of damage to the 
block and the machine, and consequently lead to a loss of time and material.  
The slabs extraction rate is first estimated on the basis of the measured block 
dimensions or the so-called gross measure. By knowing the end thickness of slabs, 
we can calculate the amount of slabs obtained through the cutting process. The 
surface area of the slabs represents the gross or ideal dimensions. The cutting 
process was followed by a comparison of the measured surface and the calculations. 
In ideal conditions, the gross and actual slabs surface area differ by approximately 
5%.  With the help of measurements, we found that the extraction rate was lower for 
certain blocks, due to the content of discontinuities, which reduced the gross amount 
according to the rules of stonemasonry. Blocks with an average longitudinal velocity 
of 5.80 km/s (Category II) can have the extraction rate of slabs reduced by up to 30% 
due to discontinuities. 
Combining the factors of experience and data acquired through the ultrasonic 
method, we can make a categorization structure presented in Table 15. We found 
that blocks with an average velocity below 4.50 km/s are not suitable for dimensions 
of less than 3 cm. By ultrasonic measurements on the stone blocks, certain 
problematic discontinuities were revealed which cause material breakage and 
damage during the cutting itself, as shown in Figure 67. 
Each line in Figure 67 represents one block. The lines in Figure 67 are presented in 
different colours and represent their own stone block. The vertical lines show the 
gross extraction rate of slabs (maximum point) and the actual extraction rate 
(minimum point) from the block at a given average longitudinal velocity. Four 
categories of blocks are presented, which show different slab thicknesses. The 
blocks with an average longitudinal velocity lower than 3.50 km/s are not suitable for 
being cut into slabs, as they represent an excessive risk. The use of such blocks is 
suitable only for thicknesses of 20 - 45 cm, whereupon smaller slabs are sought in 
other directions.  
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Figure 67 : Gross and net dimensions of the surface of t he slabs from a 
particular block 
 
The scattergram in Figure 68 shows a set of points representing the values of two 
variables, the real value of the extraction rate of slabs from a block at an average 
velocity of the passage of waves, which indicates a positive correlation, as the line of 
points rises. On the graph, the gross dimensions and the net dimensions of the 
surface of the slabs are assumed. Differences arise due to discontinuities or due to 
problems associated with the shape of the slabs. The correlation line shows that the 
extraction rate decreases with the average velocity of longitudinal waves.  
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Figure 68:  Extraction rate of slabs when cutting blocks of natural  stone 
- l imestone  
 
6.2.  New categorization of natural stone blocks  
 
Ultrasonic measurements made on certain stone blocks demonstrated the usefulness 
of the method for determining the compactness of natural stone blocks. The 
transitions of longitudinal waves from the transmitter to the receiver are carried out at 
the velocity typical of a particular material. We found that the velocity in compact 
limestones without discontinuities ranges up to 6.80 km/s. Any change in the block 
structure affects the time and velocity of the longitudinal waves.  
In practice, it has been shown that blocks containing a critical or greater number of 
discontinuities are not suitable for being cut to slabs of certain, especially thinner, 
thicknesses. Therefore, it is crucial that we know the block as accurately as possible, 
both superficially and internally. The categorization used so far was based solely on 
visual inspection, which was largely dependent on the observer's experience and the 
density of the discontinuities in the deposit. The category of the block was 
determined exclusively on the basis of its dimensions and shape. Today, when the 
market trend is to provide the widest dimensions of slabs, the knowledge of the 
quality of the interior of the block is crucial. Categorization is still carried out on the 
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basis of the dimension of the block, but in addition to the dimensions, it is also 
necessary to ensure the quality of its interior, which allows it to be cut into 1st 
category slabs. Blocks of smaller dimensions are still usable, but their processing is 
more expensive, as we get smaller slab surfaces. 
The ultrasonic method presented in this dissertation provides us with data on the 
interior of the block. On the basis of the data obtained, we can give a guarantee of 
the quality of the block, improve its visual categorization (a crack visible on the 
surface may not go deeper into the block), or use the data to determine the direction 
and thickness of the cutting of slabs. This ensures a greater extraction rate of the 
slabs, thus reducing the costs of production and increasing the value of the product. 
In practice, the method can also have a significant impact on the speed of 
production. The fact is that the market today demands fast and high-quality products. 
Production strives for mass production, which is fast. In addition, there is a lack of 
quality workers, and the fluctuation of workers is high. This makes it difficult to 
achieve objectivity and comparability of ratings and categorizations. The ultrasonic 
method eliminates the human factor from the categorization and makes it objective. It 
allows us to use blocks of smaller dimensions for a given project, with known 
dimensions of the final product, and thus use less expensive material, while at the 
same time saving larger blocks for projects that actually require larger dimensions. 
By knowing the quality of the inside of the block, we know what kind of slabs can be 
obtained from a particular block, thereby preventing the sawing of blocks that are not 
suitable for certain dimensions.  
The key feature of the ultrasonic method is its speed. The block can be evaluated 
already within 15 minutes, as we only need the dimensions of the block and measure 
a minimum of 6 profiles. The average longitudinal velocity obtained gives us a 
category on the basis of which we determine the usability of the block and the 
dimensions of the slabs that can be obtained from it. Visual categorization which has 
been used to date was slower, as the evaluation needed a half to an hour’s work, 
and the final result was questionable. This was mainly reflected in issuing quality 
guarantees. With a warranty issued, the price of the block increased, but the 
efficiency of doing this was questionable due to unreliable categorization.   
Table 15 shows the categorization based on the average wavelength velocity which 
gives the ability to predict the possibility of cutting the block into slabs of a certain 
thickness. In our case, the cutting of the block is performed without reinforcement, 
which additionally requires a qualitative classification. 
It happened that a part of the stone block had an extremely low average longitudinal 
velocity. This part significantly influenced the final extraction rate of slabs. In this 
case, we simply removed the part of the stone block and used the rest for a better 
category or for slabs of a lower thickness.  
In the doctoral dissertation I focused on the categorization of natural stone - 
limestone, which is sourced in the quarries of the company Marmor, Sežana d.d. The 
same procedure could be used to develop a categorization for other natural stones 
(granites, marbles, sandstones, etc.). 
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Table 15: An example of  the categorizat ion of  natural stone blocks.  
 
Category   Velocity 
(km/s) 
Usability   
I  6,20 The material is usable for slabs of all thicknesses and 
does not require further reinforcements. 
II 5,50–6,19 A natural stone block that contains small cracks and 
structural changes and is usable for slabs of all 
thicknesses without reinforcement. 
III 4,50-5,49 The block contains more cracks and is usable for being 
cut into slabs of 3 cm without reinforcement or 2 cm with 
reinforcement. 
IV 3,50-4,49 A block of lower quality with irregularities in the structure 
and containing many open cracks; it is usable for 4-cm 
slabs without reinforcement or thinner with 
reinforcement. 
V  3,49 Low quality material, which needs to be reinforced 
before cutting. Can be used only on wire gangsaws. 
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7. Conclusion 
 
The commonly used categorization of natural stone blocks takes into account only 
the length and height of the slabs and the course of the layer. There are no methods 
to check the quality of the interior of the stone blocks. This categorization is based 
only on the observation of external surfaces and depends on the observer’s 
experience.  
In order to obtain a tool that could check the quality of the interior of the block without 
damaging it, we turn to ultrasonic methods. The ultrasonic method based on the 
longitudinal wave transition has proven to be an appropriate method for determining 
the compactness of natural stone blocks.  
The use of ultrasonic measurements on natural stone blocks helps to improve the 
utilization of material during processing. The ultrasonic method is simple, fast and 
useful, as it delivers the results in a short time and makes it easier to decide on 
further processing operations.  
A new categorization of natural stone was developed in several phases. We first 
tested the ultrasonic method in the laboratory and then applied it in the field. The 
ultrasonic instrument Boviar provided us with two methods of data collection, with a 
probe and a hammer. The use depends on the size of the transmitter frequency and 
on the surface of the natural stone block. An important part is the use of frequencies 
(55 kHz) in probes and lower frequencies (20 kHz) in the hammer, which enable us to 
determine the composition in the stone blocks of larger dimensions. In addition, the 
probe is better for surfaces that are smoothly cut with a diamond wire and in which 
the surface contact is good. Good contact with the surface is important. The plastic 
mass used was well adapted to the surface of the stone block. 
According to our experience, the best and fastest method was the direct method, 
which was used in 95% of cases. The measurement experiment was also made on 
the maximum length of the stone block, 4.5 m, thus reaching the maximum range. 
The indirect method was used in cases with several uneven or untreated sides and 
composites. The semi direct method is used to determine the effect of weathering, 
which is also often seen in stone blocks that have been exposed for a long time to 
external atmospheric influences.  
Hidden discontinuities reduce the compactness of the block and thus reduce the 
average wave transition velocity. In the event of a crack separating the block into two 
parts with no contact between them or a poor contact between the probe and the 
surface of the block, the measurement is null. Observation was carried out only on 
outer surfaces.   
Much work has been invested in adapting the density of the measured profiles to the 
dimensions of the stone blocks. A block that does not contain discontinuities can be 
estimated with a minimum of six profiles, and the process is completed within about 
ten minutes. Visual inspection is also very important as it helps us to determine the 
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density of the measured profiles. Observation nets were adapted to the minimum size 
of the slab surface.  
Systemically, it is difficult to determine the density of the profiles, since the blocks 
contain a wide variety of discontinuities and can be processed differently. Therefore, 
it is necessary to pay special attention to each block. The higher the number of 
profiles, the more precisely the location of the discontinuity can be determined. The 
decision that a certain number of profiles is satisfactory to inspect the stone block is 
extremely complex, as blocks do not have the same characteristics. The result of the 
measurements is influenced by both the structure of the material and the texture, 
which can be clearly seen in all our types of natural stone. 
The method of data collection and comparison with the actual situation was carried 
out by the "in situ" procedure; an ultrasonic measurement prior to cutting and a 
comparison of results with the actual state of the slabs. It enabled us to develop new 
cutting methods, such us removing the dangerous parts of blocks and then 
assembling them in a composite of two or more blocks before cutting. By doing so, 
we improved the efficiency of the material and reduced the cutting cost. Using the 
ultrasonic method, we examined the uniformity of the application of the adhesive, as 
shown in Figures 69 and 70. 
 
  
Figure 69, 70: Composite made of smal ler stone blocks.  
 
The amounts (results) obtained were correlated with a correlation analysis where a 
linear relationship was found between the average velocity of the longitudinal waves 
and the retrieval rate of slabs from the stone block. We thus obtained the empirical 
formula for determining the compactness of stone blocks for natural stone - 
limestone.   
In the statistical processing of the mathematical function we had two variables; on the 
X-axis, the average longitudinal velocity, and on the Y-axis, the percentage of the 
slabs, which is the result of a comparison of the measured results with the actual 
state. The higher the velocity, the better the quality of the stone block. Discontinuities 
weaken compactness, resulting in a lower extraction rate. Discontinuities in the block 
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are located in a plane, which means that with a certain number of profiles we can 
detect them. Minor discontinuities are not problematic for cutting, but they do affect 
the recovery of slabs. Discontinuities reduce the net surface of the slab, as can be 
seen in Figures 67 and 68. In the statistical analysis, we took into account all the data 
and obtained a mathematical function which at a given average longitudinal velocity 
tells us the category a certain stone block falls into and the kind of extraction rate can 
be expected. Due to the varying structure of the material, the results on the profiles 
fluctuated within a certain limit, which was the reason for defining the classes 
according to the measurements and taking also actual experience into account. 
The Equation is the result of practical work and is based on the results obtained, 
which is why it differs from the visual inspection that has traditionally been used for 
stone blocks, but nevertheless complements the categorization presented in Table 
12. The advantage of our categorization is also that the method does not focus only 
on blocks of Category I. Blocks of smaller dimensions with a high average 
longitudinal velocity can also be used in production by combining them into 
composites. 
On the basis of the result of the statistical analysis of the mathematical function, we 
obtained the Equation for the results of measurements to determine the new 
categorization of stone blocks - limestone.   
y = - 0.08 x2 + 8.6962 x + 33.458;  R2 = 0.9989 
After the analysis was carried out, a positive correlation was found, which also refers 
to the correlation coefficient R2, where higher velocitys are associated with higher 
slabs extraction rate. The Equation serves as a tool for planning the production and 
contributes to the efficiency and economically rational use of material. 
The prescribed procedure from the measurements to the calculation of the correlation 
formula is described in this dissertation. Such categorization can also be conducted 
for igneous, sedimentary and metamorphic rocks, assuming their discontinuities and 
material properties are known. 
The tomography method is feasible, but time-consuming, as it takes a lot of time for 
large blocks. The profiles must be made at a maximum distance of 10 cm and 
measurements are carried out from point to point. Excessive measurement density 
can also result in rough errors and incorrect estimates. The method is suitable for use 
in restoration, where elements are smaller and the location of the defects can be 
accurately determined. 
Ultrasonic measurements were also used in three external projects in restoration, 
namely on the famous Robba Fountain in Ljubljana, on the project of stone protection 
from Roman times in Ptuj, and the reconstruction of stone pillars in the church in 
Radovljica. The use of the "in-situ" ultrasonic method was carried out using a direct 
and indirect method, where the stone element was measured prior to restoration, and 
then the quality of the work performed was tested.  
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The use of ultrasonic measurements on stone is not widespread to the same extent 
as in medicine or mechanical engineering, but we can expect it to be useful in 
controlling finished products in future. We will continue developing the ultrasonic 
method for the needs of material categorization, determination of product quality and 
for the needs of restoration works. 
The project presented in this dissertation has contributed to the improvement of the 
technological process of material processing in our company, as it provided us with 
information on the quality of the material itself and also on the necessity to improve 
the old plate gangsaw.  
Time is money. In our profession, we need to look for and develop new methods for 
the use of material in order to be as fast as possible in achieving our assigned tasks 
and excellent and competitive in an inexhaustible market.  
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APPENDICES 
APPENDICE NO.1 : Certificate of calibration No. 1332/13 
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APPENDICE NO.1 
 
Certificate of calibration No. 1332/13 
 
 
Measurements results  
 
Measurement No. Measured time (µs) 
1 64,61 
2 64,75 
3 64,77 
4 64,72 
5 64,70 
6 64,69 
7 64,77 
8 64,63 
9 64,78 
10 64,77 
 
Tm  =  average time measured   =  64,72 (µs) 
U  =  calibration uncertainty  =  0,20 (µs) 
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Certificate of calibration No. 1332/13 
 
Item    calibration sample in PVC for ultrasound device 
 
Manufacturer  Boviar 
 
Model    65 µS 
 
Serial number  internal code: SG02.C145 
 
Adressee   Solgeo srl 
    Via Pastrengo 9 - Seriate (BG) - Italy 
 
Date of measurements 26th November 2013 
 
Date of issue  26th November 2013 
 
 
 
The P&P LMC calibration service complies with the requirements of the standard UNI 
CEI EN ISO/IEC 17025 and guarantees reference of the measures to the 
international system against the uninterrupted chain of calibrations starting from: 
 
Item: accelerometric chain & Frequency Response Analyzer & 
Universal Counter 
 
Manufacturer:  PCB & Solatron & Hewlett-Packard 
 
Model:   301A11/482A23 & FR1250 & 53131 A 
 
Serial number:  1352/135 & 300259 & KR91201213 
 
Certificate of calibration: I.N.R.I.M. N. 12-0033-01 & SIT N. CT-E-0230-2010 & 
02405/11 
 
Released by: I.N.R.I.M. & SIT N. 51 & SIT N. 42 
 
 
 
 
Responsible for the service 
Ing. A. Bonzi 
 
 
 
Andrej KOS, doctoral dissertation 
Use of ultrasonic measurements in determining the quality of natural stone blocks - limestone 
 
87 
 
 
 
 
Environmental conditions 
 
Calibration test was made with the mentioned instrument in thermal equilibrium with 
the environment conditioned to the temperature of 23°± 2°C at the following 
environmental conditions: 
 
Tamperature:  22,5°± 0,3°C 
 
Relative humidity  50% r.h. ± 5% r.h. 
 
Atmospheric pressure:  989,2 hPa ± 1 hPa 
 
 
Instrumentation used 
 
For time:    
Universal Counter sample shown on first page 
Accelerometer PCB mod. 353B13 num. 80264 certificate SIT n. S084/11 
 
For temperature and relative humidity: 
Termohygrometer Testo model 625 serial number 9812002U certificate LAT N. 
128U-076/12 
 
For atmospheric pressure: 
Barometer Wallace & Tiernan model A61A serial number 7330-58 certificate LAT N. 
C1110C6590 
 
 
Calibration mode 
 
Calibration was performed according to the Work instruction METROLAB IL/87, 
referred to the following standards: 
UNI EN ISO 9001:2008, UNI CEI EN ISO/IEC 17025, UNI CEI ENV 13005, UNI EN 
10012 
 
 
Uncertainty 
 
For measured time (single measure)  ± 0,01 µs 
 
For calibration uncertainty see mesurements page  
 
(uncertainties are expresed as twice the standard uncertainty) 
